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A B S T RAe T
Results of an investigation into the fa~igue strength~of the
joint in concrete composite members are presented. Twenty-three
members were tested in fatigue., Twenty-two of the precast beams were
I-beams or inverted T-beams with a relatively narrow joint and a
rectangular slab placed on them; the twenty-third beam was a box-beam
with a relatively wide joint but with the same type of slab on its top.
The three principal variables were the amount of joint reinforcement,
the roughness of the joint and the ratio of shear span to effective
depth.
Twenty of the fatigue test beams were designed and fabricated
so as to be similar to beams tested statically in a related research
series conducted at the University of Wisconsin. Three of the test
beams were designed and fabricated so as to be similar to beams used
in bridge construction by the Pennsylvania Department of Highways (PDH).
Particular attention was given to the relationship between
diagonal tension cracking and cracking in the horizontal joint. Atten-
tion was also focussed on the relationship between the development of
cracking and slip at the joint and the loss of composite action. Several
of the test beams fa·iled in flexure or in diagonal tension but most
failed in the joint, some during the fatigue testing, and some during
the subsequent static test to failure.
-1-
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Information was gained about the influence of the diagonal
tension cracking on the joint failure and about the mechanism of
joint failure. A criterion of joint failure has been defined so that
the flexural capacity of the composite beam is essentially equal to
that of a corresponding monolithic beam. This implies no extensive loss
of composite action. An allowable joint shear stress for concrete compo-
site beams under fatigue loading has been developed on the basis of the
test results. Equations as functions of the three principal variables
are recommended.
The proposed equations do not provide information about the
joint strength of beams with an effective depth less than three times
the joint width. Neither does this study give any new information
about the effect of differential shrinkage on the joint.
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1. I N T ROD U C T ION
1.1 BACKGROUND
Composite beams and more specifically their joint strength and
behavior have been investigated for many years. A composite beam can be
thought of as a structural member to which a concrete cover plate has
been added-to the top. Such flexural members are more and more fre-
quently being used. Their advantage lies in a light but relatively
expensive tension section of a structural member combined to a less
expensive concrete compression slab.
The first actual composite beams were not designed as such
but with the idea that a concrete slab would spread the loads to the
beams. Gradually this structure came to be considered as a composite
system rather than two independent parts. In design, an adequate trans-
fer or horizontal shear must be provided in the joint in order for the
cast-in-place slab to be considered as increasing the stiffness and
strength of the member. If the slab and the member work together in
the same manner and with the same internal deformations as a monolithic
girder of the same cross-section, the action is completely composite.
If both parts work independently there is no composite action but a so-
called two-beam action. When the joint in a composite concrete struc-
ture is unable to transmit all internal forces from one part of the cross-
section to the other part, the structure is only partially composite with
stiffness characteristics between those of a completely composite and a
two-piece structure.
-3-
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In the aqalysis and design of composite members a nearly
complete composite or one-beam action, up to a failure condition, is
desired. This requires the determination of the strength of different
types of joints.
The first composite construction was made from a concrete deck
placed over 'timber or steel beams. Different kinds of connections have
been used with success to assure a complete interaction of the slab with
the beam and numerous tests have been performed throughout the years to
study their strengths. In order to permit the use of such composite
beams in bridge structures, extensive research was first conducted on
the fatigue strength of the horizontal joint between a steel beam ,and a
concrete slab. W,ith the development of less expensive and more efficient
means of fabricating, transporting, and erecting prestressed beams of
high strength concrete, the value of composite ,girders made from a pre-
cast concrete beam and the usual cast-in-place slab became apparent.
Asa result, the problem of the horizontal connection in this new type
of joint had to be considered. The joint contact surface of the con-
crete beam can be much rougher than that of a steel beam, and the
stirrups coming out of the precast beams do not tie the two parts to-
gether in the same way as do the welded studs used with steel beams.
Different tests reported in the literature gave confidence to the
engineer in the use of concrete composite beams, although they did not
completely evaluate the ultimate strength of different types of joints.
The scope of these investigations was not extensive enough to give a
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complete understanding but all tests showed the beneficial influence of
the natural bond of a rough contact surface.
It may seem unimportant to some engineers to save a few stirrups
in one beam. However, the production series of precast beams are often
large ones, making the potential saving substantial and therefore· a time
consuming "exact" design justified. In addition, from the point of view
of erection, it is often very important to have as small a number of ties
as possible.
1.2 OBJECT AND SCOPE
The actual use of concrete composite beams has been restricted
somewhat by the specifications which are very conservative because of
the lack of knowledge about the joint behavior. The objective of this
research is to determine the effect of repeated loading on the behavior
of the bond and reinforcement in a joint between a precast beam and a
cast-in-place slab. In this study the influence on the joint of static
loading and of differential shrinkage are not of primary interest. A
series of composite beams were tested under repeated' loading and the
results correlated with the results from'a series of static tests which
were completed at the University of Wisconsin. With an understanding
of the behavior of composite beams, it should be possible to revise
current specifications such that they more closely reflect the actual
behavior of the member. Designs based on the improved specifications
should be more economical. This study, in contrast with most of the
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earlier studies, should not only demonstrate whether or not the interface
can be reinforced and roughened sufficiently to bar any joint failure,
but an attempt will also be made to determine an allowable maximum
horizontal shear stress for different types of joints. The test beams
were designed to fail in the joint rather than in: flexure, in bond, or
vertical shear.
The test variables included roughness of the contact surface
of the beam, ratio of shear span "a" to effective depth "d", and amount
of shear "connection reinforcement crossing the joint. Twenty small-
sized inverted T-beams and three full-sized beams were tested in fati-
gue. Six auxiliary beams were added to the program for various reasons
giving a total number of twenty-nine test beams.
- 7-
2.1 CONCRETE COMPOSITE BEAMS UNDER STATIC LOADING
not designed at that time. The first studies in the late 1940's were
crete composite beams, tests were carried out with larger and deeper
KNOWLEDGEo FS TAT E2.
As the years went on and more use was made of prestressed con-
necessary approach for the Lehigh test series described below. In both
these fields, numerous tests were performed and papers published.
The only fatigue testing of a concrete composite beam found
in the literature was conducted by Nasser(l) on one single beam and
no joint damage was observed. The existing research of interest was of
two kinds: static tests on concrete composite beams, and fatigue tests
on steel composite beams. Both types of research furnish a basic and
The joint strength of composite concrete beams was never
seriously considered before World War II, since beams of this type were
beams resulting in the problem of having the neutral axis near the com-
posite joint. This is the type of beam which is considered in this
study ..
mainly concerned with composite lintel or other small beams used in
building floors. Tests and reports by Ozell and Cochrane, (2) by
Ruhle, (3,4,5,6,7) and by Evans and parker(8)·showed that for these
beams, there was no loss of composite action. Studies by Gessner, (9)
by Goschy and Balazs, (10,11) and by Guyon(12) are of general interest
and help in the understanding of the problems of this study.
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Dean and Ozell(13) tested statically one full-sized 46-ft
post-tensioned composite beam, with a l6-in. smooth finished and re-
inforced joint. When the joint horizontal shear stress reached 265
psi the beam failed without any joint damage.
The proposed joint shear strength in some of the later studies
is related to the concrete compression strength. Grzegorzewski, cited
by Kajfasz et al, (14) tested rectangular beams with a horizontal rough
joint and no ties. He quotes joint shear strengths of 142 psi and 210
psi for slab concrete strength of 2700 psi and 4500 psi respectively.
Ruhle, for similar conditions, gives joint strengths of 140 psi, 170
psi, and 200 psi for slab concrete strengths of 2600, 3400, and 5100
pSi, respectively. Kajfasz, et al (14) tested a large number of beams
and wrote "in none of the tests on the composite rectangular beams was
failure caused by slipping at the interface." The recommended shear
stresses for a smooth joint at two different stages before and after
joint cracking, are given in Table 1 with the recommendation that rough
joints be used whenever possible.
Some investigators were primarily interested in types of
joints of no interest here: joints with shear keys, and joints with
castellation. Two examples of so-called castellation are given in
Fig. 1. Other investigators directed most of their attention to the
problem of differential shrinkage and of restrained tensile strength.
While these questions are important, they are not particularly pertin-
ent for the proble~s discussed in this study.
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The Portland Cement Association (PCA) test series and a study
at the University of Wisconsin included a large number of T-shaped com-
posite beams with no castellation, but with variations in joint finish
and reinforcement. Both of these test series had beams loaded stati-
cally to the point of damaging the joint. The results of both test
series will be used in the discussion of the fatigue testing and there-
fore will be discussed at length. In addition, a short but very interest-
ing test program by Grossfield and Birnstiel will be reviewed.
The PCA test series was reported by Hanson(lS) and by Mattock
and Kaar. (16) Hanson chose a small scale cross-section given in Fig. 2
with a cast-in-place 7-in. by 24-in. slab on a rectangular beam, with a
7-in. wide joint. Sixty-two very short specimens were tested as push-
out elements to study the load-deformation characteristics of various
contact surfaces subjected to a shearing force. Ten longer specimens
were tested in flexure as simply supported composite girders to study
the joint strength of beams where the interface shear stress is high
before flexural failure. The variables were joint roughness and joint
reinforcement; shear keys, and adhesive bond were also used in some
tests. Due to the influence of the bending, the joint strength is
lower for girders than for push-out specimens in cases with comparable
joint conditions. However, the push-out tests showed good qualitative
results for load slip relations in a girder. The tests indicated
further:
1) That the effects of shear keys and a rough bonded
contact surface are not additive
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2) An average shearing strength of 325 psi for joints
with shear keys but no natural bond.
. 3) An average shearing strength of 150 psi for inter-
face contact and friction when no natural bond is
acting.
4) A complete composite action as long as the slip
stayed below 0.005-in.
5) That for a concrete strength of 5000 psi in the beam
and 3000 psi in the slab, the bond strength was 300
psi for a smooth contact surface and 500 psi for a
rough surface.
6) That in addition, for each percent stirrup reinforce-
ment crossing the joint, the joint shear capacity is
increased by 175 psi. This value was obtained with
joint percentages of steel of 0.34 and 0.46.
In conclusion, Hanson states "it seems advisable to continue
work only with horizontal shear connections effected by a combination
of a-rough, bonded contact surface and stirrups extending from the
precast girders into the situ-cast deck slab."
Mattock and Kaar(16) summarize the pertinent data for all the
peA series test beams. Beside the tests conducted by Hanson, two
further beam tests showed a failure in horizontal shear as given in
Table 2. The two authors were the first to relate the joint strength
I
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to the aid ratio. The proposed relation
2700
v =:
~ +5d
takes into account the decreasing strength of the joint when the aid
ratio increases. The same additional shear strength of 175 psi for
each additional percent of joint reinforcement is retained from Hanson's
work. It is further stated by Mattock and Kaar that "in the case of a
girder subjected to a rolling load, the horizontal shear stresses need to
be investigated only within the span between points a distance equal to
the effective depth of the girder away from the ends of the girder."
Based on the results of the PCA tests in 1959, the joint
committee 333 of the American Society of Civil Engineers (ASCE) and the
American Concrete Institute (ACI) on Composite Construction re-evaluated
the problem of shear connection. The PCA research showed a definite
promise of reduction in the specification requirements for the connec-
tion between a precast concrete beam and a cast-in-place slab. However,
further data was still needed to provide a firm basis for a revision of
the specifications. In view of this, a research program was outlined
under the guidance of" the Reinforced Concrete Research Council (RCRC).
Its aim was to provide the additional information needed for concrete
composite beams. The work reported herein is the second phase of this
program.
The first phase of the program was to conduct a series of
static tests of composite beams which, when combined with the PCA studies,
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would form the basis for possible specification revisions related to
construction in which static loads are normally the basis for design.
The second phase of the RCRC program was to investigate the effects of
repeated stresses on the joint in order to provide a basis for revi-
sions related to construction in which repeated loads must be taken
into account.
Saemann and Washa, (17) from the University of Wisconsin,
worked on the first part of the program outlined by RCRC. Forty-two
concrete composite beams were tested statically to failure in this
test series. The publication of the test results will be referred to
as Wisconsin report and reference will be made simply to Wisconsin beams
and Wisconsin test series.
In the Wisconsin test series a concentrated load was applied
on the simply supported composite beams at two locations, each one foot
from the centerline of the span. These tests included variables such
as degree of roughness of the contact beam surface, relative positions
of the neutral fiber and the interface, shear keys, amount of joint
reinforcement, and ratio of shear span "a" to effective depth "d".
Thirty-six different beams and six,check or auxiliary beams were tested.
The cross-section for thirty-nine beams is given in Fig. 2. The test
specimens are not described in more detail because they were repeated
,in the fatigue test series and all information is given later. The
Wisconsin test results are summarized in Table 3. The concrete compres-
sion strength was designed to be equal for the beam and the slab for
forty of the forty-two girders. The average strength was 3150 psi.
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The remaining two beams were designed for nominal ultimate compressive
strengths of 4500 and 5500 psi. The 0.005-in. slip was considered a
critical value at which there is a first loss of composite action and
the test results are given at this stage, as well as at design and
ultimate loads. For some beams the flexural cracks inclined toward
the load' point then they reached the interface and traveled atong it
with increasing loading; finally, the beam failed in the joint. The
joint failure in one beam with shear keys took place along the bottom
of the keys.
Saemann and Washa concluded that the ultimate joint strength
increases with the roughness of the contact surface, with the joint re-
inforcement and with the decreas~ in ratio of shear span to effective
depth. They added that an increase in the concrete strength from 3000
psi to 5500 psi only slightly increases the ultimate shear strength of
the joint and that the joints 2-in. below the neutral fiber were slightly
stronger than the joint 2-in. above the neutral fiber.
The equation
in which P is the percentage of joint reinforcement was proposed to com-
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pute the ultimate joint shear strength. The equation does not take into
consideration the degree of roughness of the contact surface. Table 4
gives the shear strength in psi derived from this equation for different
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practical cases. It can be noted that these values are rather larger
than what Grzegorzewski or Ruhle recommend but lower than what Hanson
proposed.
In addition to the two important test series from the peA and
Wisconsin, Grossfie1d and Birnstie1 (18) report a test series covering
six small-sized composite beams and two monolithic check beams, as given
in Fig. 2. The test series was similar to the Wisconsin test series in
fabrication, test procedure, and results:
- The neutral fiber was at the interface.
The web width was 5-in. in all cases, but the actual
joint width was reduced to 2}z-in. for four of the beams,
simulating girders that have had their joint surface re-
duced by the use of transversal prefabricated planks.
Similar planks resulting in a reduction of joint width
are used in place of formwork for cast-in-place deck.
- The rough contact surface finish with transverse
V-shaped grooves, approximately 3/4-in. deep, was
used for two beams. Two beams had an epoxy joint
and another two beams had a smooth joint.
- The highest slip was generally recorded midway through
the shear spans.
In the discussion, the authors question two of Hanson's con-
elusions. First, they think it unrealistic to develop design criteria
based on permissible slip because the slip cannot be measured independ-
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ently of web cracking. Secondly, the effect of web cracking on the joint
cracking in a beam is such that they believe the use of push-out tests
to be very questionable in obtaining the beam joint characteristics.
2.2 STEEL COMPOSITE BEAMS UNDER FATIGUE LOADING
The first fatigue testing of composite beams was made on steel
composite beams. Although the problem is not the same for a concrete
composite beams, the similarity is sufficient to justify a review of the
testing procedures and results.
The 1944 AASHO Specifications initiated much research into the
use of steel composite beams for bridge construction. Since a bridge is
a structure subjected to repeated loading, fatigue testing was requested.
A summary of the research up to 1960 is given by Viest. (19) The Fritz
Engineering Laboratory was instrumental in much of the research before
and after that date.
Two reports by King, Slutter and Driscoll, (20,21) two by
Slutter and Driscoll, (22,23) and one by Siess et al (24) bring forth
some interesting points. The research covered mainly the fatigue
strength of stud connectors which are comparable to joint ties in a
concrete composite beam. However, major differences in joint conception
should first be noted to avoid any confusion resulting from quick com-
parisons between steel and concrete composite beam test results.
1) In a steel composite beam, the connectors must transfer
all the shear force because the weak natural bond between
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steel and concrete is assumed to be broken at the
time of first loading. This results in the possibility
of accepting large slip and to design such a joint using'
equal shear forces on all connectors in the shear span.
2) The connectors on the steel beams are welded. Both the
welding and the rigidity of the connection make the
connector much more sensiti.ve to fatigue failure thap.
a stirrup embedded in the beam and slab concretes.
3) Since there is no principal tension cracking in the beam,
there is no influence of the bending moment on the joint,
therefore push-out tests can be used for steel composite
beams.
The results of the studies on steel composite members which
are of interest for the study on concrete composite members are:
1) With a constant range of stress, a double reversal was
no more critical than stress acting in one direction
only.
2) In the elastic range, the end connectors carried a load
about twenty-five percent above the average load on the
connectors. The end connectors failed first and the
failure then progressed toward the load points. In no
'case was the connector failure of a sudden type, but if
a pair of studs became cracked a complete fai.lure would
eventually occur. Slab removals after fatigue testing
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indicated that at the point of rapid increase of the
average end slip more than one pair of studs had
already failed completely.
3) The resistance against separation and uplift depended
very much on the type of connector.
4) The one end free to expand during testing had a greater
deflection.
5) The fatigue tests indicated that a reasonable slip
limitation would prevent any stud failure. The slip
was found proportional to the loading on the connectors.
6) The friction action was found to be negligible.
7) Fatigue failure of ~-in. diameter studs with good
welds usually occurred in the base metal of the beam
to which they were attached.
2.3 FATIGUE STRENGTH OF CONCRETE COMPOSITE BEAMS ACCORDING TO
PRESENT SPECIFICATIONS
Since there is little known about the joint fatigue strength
in concrete composite beams, a summary was given in Sections 2.1 and 2.2
about research results concerning the fatigue strength of steel compo-
site beams and the static strength of concrete composite beams. They
were used .in designing the tests and analyzing the results of this test
series. Despite the absence of any scientific knowledge about the fati-
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gue strength of concrete composite beams, codes and specifications have
been written to guide the engineer in design. The requirements in the
specifications have been chosen to be conservative on the basis of
experience. In order to utilize this available information in design-
/
ing and analyzing the test series, pertinent parts of the current spec i-
fications are noW discussed. Some parts of the most important specifica-
tions(2s,26,27) are reproduced in Appendix 8.3 and reference will be made
to them. In addition, the International}~8) the Swiss, (29) the Precast
Concrete, (30) and the German(3l) Codes have been used in this study. The
articles concerning the joint strength, the web reinforcement, and the
effective joint width are the ones considered for this work.
The requirements for a maximum effective slab width in a
T-beam vary in the codes. For a beam similar to the Wisconsin small-
sized beam but used in a bridge deck, the effective width could be accord-
ing to
I
I
1)
2)
3)
the AASHO Code,
the German Code,
the Swiss Code
sl.s-in.
sl.s-in.
83.s-in.
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The proposed International Code(28) has a series of tables which give
,
the effective width for many different cases depending on the actual
behavior of the test beams. The method is preferable for a study like
this one on fatigue strength of composite beams. For example, if a
conservative design value is used for the effective width of the slab
as suggested in the AASHO Codes, the result may be conservative only
as far as flexure is concerned. When considering horizontal shear
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stresses in the composite joint the reverse happens as compres$ion"forces
from an area wider than the assumed one must be transferred to the beam
at the joint. Then a narrow assumed effective width leads to a non-con-
servative and dangerous joint shear design. Also, if the slab effective
width is larger than assumed, the action of the differential shrinkage on
the joint is greater and more critical. Therefore, from the standpoint
of this study, an exact method for finding the effective slab width is
much better than any easy, but falsely conservative, method.
Another point of importance in the specifications is the ques-
tion of the requirement for vertical stirrups. Following various codes,
some designers simply reinforce a horizontal joint by having all web verti-
cal stirrups crossing the joint. This procedure does not make any
difference between monolithic and composite beams. However, if the re-
quirements for vertical stirrups are diminished because of new studies
and better knowledge of the web behavior, the requirements for joint
reinforcement are not necessarily to be lowered in the same manner.
For example, Hanson and Hulsbos(32) propose an important reduction of
web reinforcement requirements for prestr~ssed beams. This proposed
reduction does not necessarily imply a corresponding reduction in joint
reinforcement.
Naturally, the most important part of the specifications regard-
ing this study concerns the recommended joint strength itself. The
AASHO Specifications in the article recopied in Appendix 7.3.1 gives
an ultimate joint shear strength of 225 psi for a rough and clean
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joint subjected to fatigue loading. Under static loading, a rough joint
may carry, according to the ACI Code, 160 psi at working load and 300
psi at ultimate load, which is a third higher than in the AASHO Specifica-
tions. The ACI-ASCE Committee recommends similar rules which will be
mentioned only when they differ from the ACI Code.
For each percent of steel tie area, based on the contact sur-
face, in addition to a required 0.15 percent, the ACI Code allows 140 psi
additional joint shear stress at ultimate load and the ACI-ASCE Committee,
150 psi. Both specifications consider that 1 percent of additional re-
inforcement improves the joint strength at working load by 75 psi.
According to the AASHO ~ode, a percentage of joint steel higher than the
minimum required amount does not increase the joint strength. A new
revised specification is now proposed by the ACI-ASCE Committee- 333. (41)
An additional section has been worded this way: "When minimum steel
ties required (P ~ 0.15 percent) are provided and the contact surface of
the precast element is rough and clean, and with web reinforcement designed
in the same manner as for an integral T-beam of the same shape, hori-
zontal shear will not control. All stirrups should be anchored into
the cast-in-place slab and when so anchored may be considered as ties
for the composite joint." This statement similar to the one given in
article 1.13.l4.d of the AASHO Specifications does not take into con-
sideration the possible variation of shapes of the different composite
beams, such as beams with an actual joint width smaller than the web
width as seen in the left sketch in Fig. 3. This situation occurs when _
the slab form is supported on the edges of the top face of an inverted
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I-beam so that the joint width is reduced. In this type of beam as in
most prestressed precast inverted T-beams, the web reinforcement is not
likely to reinforce the joint sufficiently against shear stresses. On
the other hand, I-beams with a wide flange similar to the one described
in Ref. 33 and given in Fig. 3 (the beam on the· right) are used for compo-
site members and may not need the heavy joint reinforcement necessary in
the web. The fabrication, erection, and design of these wide flange
I-beams is often made easier by having some of the stirrups extending
into the beam flange and not protruding into the slab through the joint.
Since the proposed Wis~onsin equation takes into account the additional
strength due to the greater natural bond in such a joint, it seems more
realistic than the paragraph recopied above from the proposed ACI Code.
Both AASHO and ACI Codes specify a minimum amount of steel.
The AASHO Specification requires some steel at a minimum spacing. This
seems reasonable, based on some intuitive safety against separation and
uplift. The ACI Code, however, specifies a minimum 0.15 percent steel
at the interface. This means about three times more joint steel for a
composite box-beam tpan for an equivalent composite I-beam. For the
beams of Fig. 3, this meanS much more steel across the wide joint than
across the narrow joint despite the much larger contact surface with
natural bond.
.The rule reproduced here from the Recommended In~ernational
Code or Practice is typical for the different European Codes. "For
I •
T-beams with compression flange, it will be necessary to analyze the
joints between ·the rib and the flange." Nothing more is given.
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2.4 DIFFERENTIAL SHRINKAGE AND SIMILAR CAUSES OF JOINT STRESSES
Differential shrinkage and creep, differential temperature,
and prestress losses tend to deform a composite beam and cause some
joint shear stresses. What is known about this problem is discussed
here because it is of importance in any joint strength consideration.
The effect on the joint of any change of the beam prestress
force varies with the drape of the prestress strands or cables. If the
cable .is straight and horizontal, any lo~s or increase in the prestress
force develops some shear stress at the interface only in a short con-
centrated region close to each end. If the cable or strand is not
horizontal the joint will be affected and joint shear stresses will
develop throughout the length. In all cases, the joint must transfer
a force equal to the resulting horizontal tension or compression force
in the slab.
Differential shrinkage also produces joint stresses. The pre-
cast beam has some of its shrinkage before the slab is placed. This
results in differential shrinkage in the composite member after the
joint becomes effective. Furthermore, the slab concrete having, as a
rule, a higher slump than the beam concrete, there is definitely more
shrinkage in the slab than in the beam. The effect of this differential
shrinkage can be studied simultaneously with the effect of differential
creep and temperature.
Although much attention has been given since World War II to
the effect of differential shrinkage, for example by Branson and Ozell, (34)
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by Levi and Pizzetti, (35) and by Scherpbier(36)no direct way of finding
or measuring the resulting joint shear stress has been developed.
Furthermore, none of the theoretical studies has been accepted by all
the interested engineers. Among the many different papers published
about the joint shear stresses due to differential shrinkage, creep,
and temperature, the papers by Birkeland, (37) by Zuk, (38) and by Miller
and Newton(39) seem the most reasonable. They conclude that, if the
natural interface bond stays unbroken, the joint shear stresses will
be concentrated only near each end of the span a distance smaller than
the depth of the beam. The longitudinal stresses and strains outside
of the end segments are of the type represented in Fig. 4. If the
differential shrinkage, creep, and temperature vary as a function of
the longitudinal position, some shear stresses develop along the
joint. In the normal case, however, all the necessary shear transfer
is provided in a short length at both joint ends. If the joint is
not strong enough to carry this shear force, it will break at the end
and joint cracking will progress rapidly toward the center until the
beam fails, or until the slip is sufficient for the joint reinforce-
ment, helped by friction, ~o take over the shear transfer. The
joint condition is then comparable to the assumed conditi9ns of a
steel-concrete interface in a steel composite beam. The bond is con-
sidered to have been destroyed. On the other hand, if the bond is to
be used to transfer shear forces, as usually desired and designed for,
the complete shear transfer due to the differential shrinkage, tempera-
ture, and creep, must be developed at both ends. The bond alone is not
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likely to be sufficient there and a special end reinforcement will have
to carry most of the shear force. It should be noted at this point that
in Ref. 16 it is said that the action of a vertical loading on the member
does not affect the joint in the end segments. Thus in general, as long
as the bond is intact, there is no superposition of joint shear stresses
due to loading and shrinkage. Both types of stress may act at the same
time but they do not act at the same section. Thus it is immaterial to
know when joint shear stresses due to shrinkage act in the same direction
as the ones due to vertical loading. For this reason the design of a
joint can be divided into two parts: one is the design of the two ends
of length equal to the composite beam depth and the other one is the
design of the remaining central part. The worst possible combination
of shrinkage, creep, and temperature may require considerable joint
reinforcement at both ends.
According to some research by Ruhle, the effective width of
the slab to consider in a shrinkage computation is much narrower than
the one to consider for a vertical loading analysis. This also would
have to be considered.
series.
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The test series reviewed here was comprised of two groups of
test specimens, small-sized and full-sized beams. The shape of all the
test beams was such as to have practical ratios of joint width "b" to
effective depth "d" and more generally to have the same proportions as
the most commonly used composite members for bridges.
The test specimens used in the fatigue series and the testing
procedure will now be described in detail. Since little research has
been conducted in this field it is desirable to include as much data
as possible as it is likely that future research may point to other
important parameters than those used in this study. With this extra
data, future investigators may re-analyze the results of this test
T EST I N GANDS P E C I MEN ST EST3.
From the twenty-nine beams, twenty-three were beams to be
tested under repeated loading. Six other beams were so-called auxiliary
beams. Among them, beams 1.0, 2.0, 0.2, and 0.5 were static beams'fabri-
cated and tested to make sure that the fatigue test beams would be
essentially the same as the Wisconsin beams. The two remaining auxiliary
beams, beams 0.4 and 0.5, on the other hand, had only a precast beam
and no slab; one was tested in fatigue and the other one statically.
3.1 DESCRIPTION OF THE TEST SPECIMENS
3.1.1 General
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I·
I
I
I
I
-26-
3.1.2 Small-Sized Beams
The cross-section of the twenty-six small-sized beams manu-
factured appears_in Fig. 5. The cross-sectional properties are given
in Tables 5 and 6. The concrete properties used in the computation
were taken from the cylinder tests. The beams were duplicates of
those of the Wisconsin test series, therefore allowing comparisons
between static and fatigue tests. The precast beam was an inverted
T-beam. The total depth of the precast beams was l3-in. The length
of the beams varied from l12-in. to 256-in. A 4-in. by l5-in.
rectangular slab, corresponding to a usual bridge deck was placed
on the precast beam. The width of the contact surface (or joint) was
3~-in., as was the width of the precast beam web. The depth of the
composite member was therefore 17-in., with an effective depth "d"
varying from 13~-in. to l4-in. Thus the effective depth "d" was
about four times the joint width "b". The elastic neutral fiber of
the coml?,0site section was at a small distance below the interface,
between 1 and 3 inches. The length of the slab was exactly equal
to the length of the testing span, from support centerline to support
centerline. As a result, at each end the slab was 8-in. shorter than
the beam as is apparent in Fig. 6. The purpose of this unusual design
is twofold: first, the wish to avoid lifting hooks protruding through
the slab and furnishing an undesirable but additional joint reinforce-
ment; second, to avoid any joint natural bond outside of the actual
span. This additional joint length would not be stressed until the
joint in the shear span was damaged. When the joint is damaged this
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end joint would help retain the composite action. This additional
restraint could become relatively important and could make the .test
results unconservative when applied to actual beams.
The web shear reinforcement was designed in order to avoid
any shear failure. Figures 7 and 8 give details of the stirrups in
cross-secti'on. All small-sized beams were conventionally reinforced.
The longitudinal steel in the precast beam comprised a top bar for
construction purposes and bottom tension reinforcement given in Table
6. For seventeen of the twenty-six beams, four No.8 bars made up
this reinforcement, but this amount of steel proved to be insufficient
for beams with the longest shear spans. The weakness of the tension
reinforcement in fatigue did not enable the beam to develop critical
shear stresses in the joint before flexural fatigue failure. Thus,
for nine of the longer beams the reinforcement was increased. The ten-
sion reinforcement of all beams was larger than in most actual composite
members, but this was made necessary by the application of concentrated
loads instead of distributed loads and by the wish to increase the
flexural capacity in order to test the joint capacity. If the joint
shear stresses due to a concentrated load must be equal to the stresses
due to a distributed load, the flexural moment is generally higher in
the case of the concentrated load than in the case of the distributed
load. The over-reinforced precast beam became under-reinforced when
the slab was added on the top and remained this way until the composite
action was lost. The slab was not reinforced longitudinally in order
to eliminate the interference of additional slab stiffness on the stiff-
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ness of the beam when the composite action is partially destroyed. It.
then becomes easier to evaluate the true loss of composite action due to
joint failure.
3.1.3 Full-Sized Beams
Three full-sized beams were manufactured with two cross-sec-
tions shown in Fig. 9. The cross-section properties, some based on
the concrete properties obtained from cylinder tests, are given in
Tables 7 and 8. The beams were designed in order to check the applic-
ability of the test results obtained on small-sized beam tests to ac-
tual bridge members. They were chosen from the PDH Standards(40) with
due consideration for the limiting possibilities of the fatigue testing
equipment and in order to obtain test situations with relatively high
shear stresses. Two of the beams were Standard 1/18/33 beams with a
l2-in. wide top flange. The third beam was a Standard 36/27 box-beam
36-in. wide. Beams of these two types are used in most composite
members for bridges. The length of the I-beams was 354-in., and of
the box-beam 328-in. An 8-in~ by 90-in. rectangular slab, correspond-
ing to the portion of a bridge deck carried by one precast beam was
placed on each of the three beams. The width of the contact surface
was l2-in. for the I-beams and 36-in. for the box-beam. The total
depth was 4l-in. for the I-beams and 35-in. for the box-beam. The
effective depth "d" was 34.56-in. for the two I-beams or about three
times the joint width "b". The effective depth was 29.8l-in. for the
box-beam or over two-thirds of the joint width. The elastic neutral
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fiber of the composite section was below the interface in all cases.
The length of the slab was exactly the length of the testing
span, from support centerline to support centerline as shown in Fig. 10.
As a result, at each end the slab was l4-in. shorter than the beam.
The reasons for this unusual design are the same ones given above for
the small-sized beams. The vertical shear reinforcement was designed
in order to avoid shear failure during the fatigue testing. Figure 11
gives details of the stirrups in the cross-section. All three full-sized
beams were prestressed to maximum capacity. The number of strands taken
was a maximum and the strands were prestressed to 54 percent of their
capacity instead of the usual 70 percent. This procedure did not modify
the working load strength but tended to increase the ultimate bending
strength of the beam and barred too low a flexural failure. All three
beams were prestressed with thirty-eight 7/l6-in. diameter strands with
an initial prestressed force of about 650 kips. The slab was reinforced
longitudinally and transversally to avoid any failure during transporta-
tion of the test specimens. The reinforcement in the slab was somewhat
comparable to that used in actual bridge slabs.
3.2 MATERIALS
3.2.1 General
The steel and concrete used in the manufacture of the test
beams was chosen so as to correspond closely to the materials used in
the Wisconsin test beams and in actual composite members.
-30-
3.2.2 Small-Sized Beams
The sand, obtained from a natural deposit, had a fineness
modulus of 2.60. The coarse aggregate was a PDH approved gravel No. 2
with about 60 percent rounded gravel and 40 percent crushed stones.
Gradation curves were determined from samples of both aggregates and
are reproduced in Fig. 12. The concrete was mixed in the Fritz
Engineering Laboratory, and the mix given in Table 9 did not include
any additives, nor was air~entrainment used. One brand of Type I
portland cement was used for all of the beams manufactured.
For the first beams and slabs to be manufactured, the goal
was a concrete compression strength of 3150 psi, equal to the average
strength of the Wisconsin test beams. It was learned from the Saemann
and Washa test series that "an increase in concrete strength increases
only slightly the ultimate shear stress in the joint. "'Therefore, the
concrete strength was not introduced as a variable and, on the other
hand, it was possible to have different concrete strengths for later
beams without introducing a correction factor. For the last small-
sized beams to be manufactured the desired concrete strength was in-
creased to 4000 psi to more closely approach common practice in bridge
construction. The strength of the different concrete mixes was obtained
from standard cylinder tests prepared for each batch of concrete. In
pl?cing the concrete the batch locations were as follows:
either bottom of the precast beam or
entire precast beam
top of the precast beamBatch 2
Batch 1
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either bottom of the slab or
entire slab
top of the slab
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The use of batch 2 and batch 4 depended on the length of the beams and
the required quantity of concrete. Waxed cardboard molds with light
metal bottoms were used to form the 6-in. by l2-in. standard cylinders.
The strength of the concrete was determined for each beam at the time
of the start of the fatigue testing. The tensile strength f~ given in
Table 10 was determined as the average value of at least three cylinder
splitting tests for each precast beam and for each slab. The single
cylinder tests gave strengths never more than 8 percent above or below
the average value for the same beam or slab. To ensure uniform bearing
during the splitting tensile tests, strips of plywood were placed on
the upper and lower bearing lines of the horizontally lying cylinders.
The compressive strength f' and the Young's modulus E were determined
c
for each concrete batch on standard cylinders capped with carbo-vitro-
bond. The values for compression strength given in Table 10 are aver-
aged from at least six compression tests. The single cylinder tests
gave strengths never more than 5 percent above or below the average
value for the same batch. A compressometer was used on three cylinders
to obtain for each concrete batch the shape of the stress-strain curve
and the modulus of elasticity. The Young's modulus average value for
each batch are given in Table 11. At the bottom of Tables 10 and 11
pertinent average values are given.
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The properties of the bars used in tension and shear reinforce-
ment are given in Table 12. They were obtained in tests conducted in the
laboratory. Intermediate grade steel was used for the joint reinforce-
ments because it is known to be more sensitive to fatigue stressing
than structural grade steel. This particular choice makes the use of
the test results conservative concerning the effectiveness of the ties.
3.2.3 Full-Sized Beams
The concrete mix for the beams was the same one used regularly
for prestressed concrete beams at Schuylkill Products Inc. in Cressona,
Pa. and is given in Table 9. The mix contained an air-entraining agent
and "Plastiment" was added to delay the setting of the concrete by one
hour. The fineness modulus of the sand was 2.8. The crushed limestone
used as coarse aggregate had a maximum size of 3/4-in. The mix contained
40 percent of aggregate l-B and 60 percent of aggregate 2-B, both
accepted by the PDH. The gradation curves are shown in Fig. 13. The
properties of the concrete were obtained from Standard 6-in. by l2-in.
cylinders in the same fashion as described above for small-sized beams.
Due to the number of batches necessary for the manufacture of each
beam, the number of cylinders was at least twenty-four per beam, six
to eight per batch. They were chosen at random for the different
strength tests. For the full-sized slabs, an AA mix, approved by the
PDH, was chosen. The mix is given in Table 9. Its components are
the same ones used for the full-sized precast beams. The cylinder t,ests
were also identical. Air tests were made for each batch for both slab
and beam concrete and in many batches the percentage of air entrained
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was higher than 7.4 percent. The high values of air percentage can
possibly explain the relative low Young's modulus for the concrete
used in the full-sized beams.
The reinforcing bars used in the beams were of the same
grades as those used for the small-sized beams. The,pertinent values
for the mild steel are given in Table 12. The prestress strands used
in the three full-sized beams were of the uncoated stress relieved 270
ksi type. Tension tests conducted in the laboratory indicated an aver-
age ultimate load of 3 L 2 kips and a strain of 5.9 percent.
3.3 FABRICATION OF THE TEST SPECIMENS
3.3.1 General
The twenty-six small-sized beams were fabricated in the Fritz
Engineering Laboratory while the three full-sized beams were manu-
factured at Schuylkill Products Inc. in Cressona, Pa.
3.3.2 Small-Sized Beams
The twenty-six small-sized precast beams were made in a
steel form with an external vibrator, type ARFM 08/42 from the Wacker
Corp., attached to the form. The concrete was produced in the labora-
tory in a horiz~ntal 6 cu-ft capacity mixer. During the mixing, slump
tests were taken for each batch. Only one batch of concrete was
necessary for the complete pouring of the shortest beams while the
longer beams required two concrete batches. After the placing of each
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layer the concrete mass was vibrated. As soon as the placing was com-
pleted, the top surface of the web was float finished and then the joint
was roughened. For six days the beam was covered with wet burlap. Then
the beam was uncovered, the steel form removed, the joint was cleaned,
and the wooden slab form was installed. The precast beam was supported
at many points along its length. On the seventh day, the slab concrete
was placed and consolidated with a hand vibrator type ESV35 Thor. The
top surface was float finished. The slab was cured for six days under
wet burlap. The form was then removed and after about three more weeks
of air curing in the laboratory the beam was ready for testing. The
o 0temperature of storage was about 65 F to 70 F.
The precision of the different dimensions of the beams was
checked regularly. The joint of the reversed T-beams, which should
have been 3.5-in. was found to vary between 3.47-in. and 3.60-in. The
maximum error was less than 3 percent and was disregarded.
3.3.3 Full-Sized Beams
The three full-sized beams were compacted using only internal
vibration. At the time of the placing and curing, the plant tempera-
ture was around 400 F and the relative humidity was close to 100 percent.
The sequence of operation for prestressing was the following: a
machanical jack was used to tension each strand to approximately 16.5
kips, or just below the desired 17.1 kips. The prestress force was
checked in twelve of the thirty-eight strands using load cells and a
SR-4 electrical indicator. Then each strand was re-tensioned as
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closely as possible to 17.1 kips. The final error for the total pre-
stress force was only 1.1 kips out of the desired 650 kips for the
I-beams, but 30 kips above the desired 660 kips for the box-beam. The
subsequent losses of prestress forces are given in Table 13. As soon
as the beams were manufactured and the rough surface condition given
to the top surface, they were covered with plastic sheets, and steam
was introduced under the plastic sheets to cure the concrete for
otwelve hours at about 135 F. The steam curing was then stopped and
othe beam temperature slowly dropped to about 100 F. The plastic cover
was removed after thirty-six hours for the I-beams and sixty hours for
the box-beam. Then the prestressed force was released. The slabs
were cured under wet burlap.
Due to the short steam curing period for the precast beams,
it would have been possible to place each slab two or three days
after the corresponding beam. However, for reasons of the plant work-
ing schedule, and with the intent to have more differential shrinkage,
this was not done.
The precision of the different dimensions of the full-sized.
beams was checked also. For example the joint should have been l2-in.
wide and the maximum recorded width was l2.25-in. or an error of 2 per-
cent. The other dimensions and the position of the reinforcement were
checked also; the errors were of the same order, and would not change
any result appreciably. Therefore the theoretical dimensions have been
used throughout this study for all computations.
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3.4 TEST VARIABLES
3 •4 • 1 Ge ne r a 1
The choice of the variables was limited by the desire to base
the entire test series on the Wisconsin test series in order to compare
the effects of fatigue and static testing on identical beams.
The variables used were:
a) the amount of joint reinforcement
b) the roughness of the contact surface at the
interface
c) the ratio of shear span "a" to effective depth "d"
The single box-beam was different in shape from the other beams.
Therefore the beam shape could be considered a variable. Because
of the impossibility of establishing a relation between beam shape
and joint strength, however, the shape was not a true variable in
this study and is therefore not considered as such. The two full-
sixed Standard I-beams had a ratio of the effective depth "d" to the
joint width "b" close to the d/b·ratio for the small beams; there-
fore the beams were inadequate to check the shape effect on the joint
strength. The two I-beams were introduced only to test the size effect
on the joint strength. The twenty-nine beams manufactured were divided
in four sets.
1) The first set of twelve small-sized beams tested in
fatigue represented a complete coverage of all com-
binations of the three variables - two different per-
centages of steel crossing the joint, 0.15 percent
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and 0.50 percent, three different ald. ratios, 2.57,
3.86, and 7.71, and two different joint surface
finishes, intermediate and rough.
2) The second set of eight beams was a repetition of
the ~irst set but omitting the four beams with
aid = 3.86.
3) The third set of fatigue beams comprised the three
full-sized beams with a rough surface and an aid
ratio of 3.86. The two I-beams had a joint reinforce-
ment of 0.15 percent and 0.30 percent respectively.
The box-beam had a joint reinforced with the same
amount of stirrups as the I-beam with 0.15 percent
of reinforcement. This corresponds to a practical
value used by the PDH. Since the joint width was
three times larger for the box-beam, the percentage
of reinforcement was one-third the amount for the
I-beam, in this case 0.05 percent.
4) Six small-sized auxiliary beams, described earlier,
were manufactured and made up the fourth set of
beams.
For each particular variable the range of the numerical
values used in the test series was chosen so as to obtain joints simi-
lar to the ones used in practice.
I
I -38-
I 3.4.2 Joint Reinforcement
I
The percentage of joint reinforcement was chosen to be about
0.15 percent and 0.50 percent. The number of stirrups was chosen to
I come as close as possible to these percentages. However, the exactpercentage varied with the dimensions of the individual beams. The
I
I
0.15 percentage corresponded to the minimum amount required by the
ACI Code or more generally, to represent a minimum amount in actual
use in bridge construction. The 0.30 percentage was chosen for one
I Standard full-sized I-beam because it is commonly used; the 0~50 per-centage was chosen because it seemed to be a practical upper bound.
I
I
On the basis of the tests by Saemann and Washa, it seemed that more
steel than the 0.50 percent was unlikely to be required.
The joint must transfer shear forces only along the shear
steel was computed in the following manner.
spans and not between the load points. Therefore the percentage of
tion. The percentage of joint reinforcement was the same in both shear
with only the ties within one shear span being introduced in the equa-
A
s cross-sectional area of the ties
ab = (sh17ar span) (joint width)Percentage of joint reinforcement P
I
I
I
I
I spans for all test beams. In order to avoid any additional jointstrength, no reinforcement crossed the joint between the two load
I
I
points in the pure moment region. However, the absence of ties
creates the possibility of a beam and slab separation. To prevent
this from happening the two load points were placed relatively close
I
together.
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3.4.3 Joint Roughness
The degree of roughness of the joint contact surface is an
important and difficult problem to consider. All tests to date have
proven the importance of the kind of surface finish but it is difficult
to obtain an adequate and practical treatment of the contact surface.
The definition and reproduction of the roughness condition is also
difficult.
The additional strength gained by roughening the joint is
important as was demonstrated by Saemann and Washa. (17) Thus any
large scale usage of smooth joints is unlikely and consequently the
smooth joint tested in the Wisconsin series was not reproduced in
this fatigue test series. The joint surface finish was always the same
over the beam length.
The intermediate finish at the interface was obtained by
applying a retarding agent, Sika's Rugasol - c/B, on the fresh con-
crete one hour after finishing the precast beam. The liquid retarder
was applied with a brush on the top surface which forms the joint. The
retarder delayed the hardening of the top layer of the concrete. One
day after the placing, the top layer of mortar was brushed away with a
steel brush leaving surface depressions approximately liS-in. deep be-
tween the pieces of coarse aggregate. However,' this method is labor
consuming and no practical means has been developed to make this proce-
dure adaptable to the particular condition of the steam cured beam. The
shear strength of the intermediate surface is comparable to that of a
joint surface only lightly "combed" as described below for a rough
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joint. If the depressions make up about one-half of the total joint
area, and if these depressions are at least l/8-in. deep, it is con-
servative to call the finish "intermediate".
The rough finish was obtained in three different, but compar-
able, ways resulting in 3/8-·in. deep surface depressions. The first
method resulted from the brushing out of the mortar between the pieces
of coarse aggregate with a wire brush a few hours after placing the
concrete. It was difficult to obtain the right timing and desired
roughness by this finishing procedure. It was used only on beam 0.2,
one of the auxiliary beams. The second method was the one used in the
Wisconsin test series. It allows comparisons between the two test
series. The ten beams, 2.0, 5.0, 2.6, 2.7, 2.8, 2.9,4.6, 4.7, 4.8,
and 4.9 had this type of finish. The rough surface condition was pro-
duced by removing particules of co~rse aggregate, with a board having
a protruding nail, three to four hours after placing the concrete.
While this procedure gave a very satisfactory surface condition it was
tedious and is not really practicable in a precast concrete plant us-
ing steam curing. This method was replaced for the beams 2.5, 4.5, 9.1,
9.2, and 9.3 by a third method, referred to as "combing" of the joint
surface. The comb was a l/32-in. metal plate with "teeth" as illustrat-
ed in Fig. 14. It was used transversally on the precast beam joint sur-
face to obtain a regular kind of groove rather than a large number of
holes at random. This procedure results in a large number of small-
sized shear keys with "dips" ~-in. to 3/8-in. deep. The comb must of
course be used transversally, even in regions where the number of
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stirrups makes it difficult to obtain the necessary roughening. This
method has been in use for years in some plants, it is easy to define,
,
relatively easy to apply, and is thought to be the best one of the three
methods.
Some attempts have been made to define more rationally the
roughness, but nothing better has been found than characterizing the
joint finish by means of the depth of the depressions and the way of
obtaining them.
3.4.4 Ratio of Shear Span to Effective Depth
The third variable used in this test series was the ratio of
shear span "a" to effective depth "d". The three aid ratios introduced
in the Wisconsin tests were used again in these tests. The two extreme
ratios were 2.57 and 7.71. Actual composite members very seldom have
an aid ratio less than 2.50 or more than 8.00. The Wisconsin report
indicates that at low aid ratios the joint strength is influenced by
the aid ratio more than at high aid ratios, therefore the intermediate
value 3.86 was chosen closer to 2.57 than 7.71.
3.4.5 Discussion of Other Possible Variables
The great complexity, difficulty, and sensitivity of the
fatigue test makes it necessary to limit the number of variables.
With only twenty-nine beams, .the variables included were probably too
numerous. Additional variables, not considered in this study are tabu-
lated .below with a discussion of their probable importance.
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1) The position of the joint with respect to the
neutral fiber was a variable in the Wisconsin
static tests and proved to be of no great
importance. Therefore the static test results
are considered to be sufficiently indicative and
applicable to the design of fatigue composite beams.
2) The proposed revised ACI-ASCE recommendations (Ref. 41)
have the following article inserted: '~hen minimum
steel ties required (P 2 0.15 percent) are provided
and the rough and clean surface cannot be provided,
keys should be proportioned according to the concrete
strengths of the mating components." No other sec-
tions of the code are concerned with shear keys.
This suggests that shear keys can do no more than
replace a rough and clean surface. In the Wisconsin
report, the conclusion is offered that beams with an
intermediate rough surface had ultimate shear strengths
approximately equal to those for beams with keys.
Nothing seems to suggest that shear keys are more
effective under fatigue loading than under static
,
loading. In summary shear keys do not make the joint
any stronger than a rough finish. Relative to the
amount. of work involved and the difficulty to obtain
the shear keys, their efficiency is very low and in
most cases they are neither necessary nor desirable.
Thus no shear keys were introduced in this test series.
-42-
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3) Although some previous research(14) indicated a
rather strong rel~tionship between concrete strength,
tie effectiveness and bond strength, Saemann and Washa(17)
tend to minimize this relationship. The fatigue behavior
of the joint is probably qualitatively comparable to its
static behavior in this respect. More information will
be needed on this subject when the joint strength is
better known.
4) The kind and size of coarse aggregate could have been
introduced as a variable. It was thought, however,
that this was too much of a refinement and thus only
general considerations not based on any tests are
given here. According to the Vicksburg report(42) the
strength of the joints with concrete made of l~-in.
maximum aggregate, appears to be a little greater than
that of those made with 3/4-in. aggregate, but the
difference is very small. Furthermore, the natural bond
is better if the coarse aggregate in the concrete mix
is·crushed stone rather than gravel. Thus the test
results discussed in this study lead to conservative
recommendations if crushed stones are used in placing
the precast beam. The aggregate effect on the joint
strength is probably the same for repeated loading as
for static loading.
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5) The joint finish was a variable but the joint shape
was not as there was no longitudinal castellation.
In other words, the joint was horizontal at the
level of the precast beam top fiber. Most compo-
site concrete bridge members have this type of
joint.
6) In many actual bridges the width of the joint is
less than the width at the top fiber of the pre-
cast beam because the' formwork for the slab is
supported on the top edges of the beam. The case
studied in this test series, however, leads to con-
servative recommendations when applied to a narrower
joint.
7) Continuity could have been introduced as a variant.
The problem of shear transfer would be slightly
different in the negative moment region, due to the
different relative positions of the neutral fiber
and the joint and due to the different tension shear
cracking pattern. Because of the relatively short
length in the negative region and the generally
heavier shear reinforcement in the support region,
the joint cracking does not seem to be more critical
in continuous beams, according to the literature.
The positive moment region of a continuous composite
beam is exactly comparable to a simply supported beam.
-44-
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Therefore continuity was not introduced as a variant.
3.5 TEST SET-UP
The beams were all simply supported and symmetrically loaded
at two points to produce two equal shear spans and a constant moment
region as shown in Figs. 6 and 10. The constant moment region was
2-ft long for twenty-five beams, 6-ft for one beam, and 5-ft for the
three full-sized beams. The two equal shear spans varied from 36-in.
to l33~in. for the small beams and from 300-in. to 326-in. for the
full-sized beams.
The two supports were free to rotate but only one of them
was free to move horizontally. The width of the top steel plate on
both supports was 9-in. A thin hydrostone pad (calcium mortar with
high compression strength) was placed between the beam and the support
to assure a perfect contact and to avoid any eccentricity of the reac-
tion.
The jacks applied the load directly on a longitudinal
spreader beam. The two loads were transmitted ~hrough a transversal
I-beam or steel plates to the slab. On the small-sized beams this was
done throughout the width of the slab and for the full-sized beams
only 24-in. across the slab. In the longitudinal direction each
load was applied over 4-in. for small-sized beams and 8-in. for full-
sized beams.
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3.6 INSTRUMENTATION
All beams were instrumented to obtain slip, strain and de-
flection values during the tests. The slip readings gave the differ-
ential movement of the slab with respect to the beam. At the locations
where a slip reading was desired, Ames dials were fixed to brass plugs
inserted in the precast beam l-3/4-in. below the joint. At the same
cross-section but in the bottom of the slab another plug was inserted
3/4-in. away from the precast beam, to support a plate against which
the tip of the Ames dial rested. When the slab moved relative to the
beam, the change of Ames dial reading indicated the slip. A small
error was introduced in the reading when a diagonal tension crack
developed in the precast beam above the brass plug supporting the
dial. The slip gages were placed along the entire joint on one side
of the beam and for two beams, 4.6 and 9.3, on both sides of the con-
tact surface. For all beams, the end gages were placed l-in. from
the center of the support which is also l-in. from the end of the
slab. The other gages were placed at different intervals depending
on the length of the shear span and the joint strength. The number
of gages per beam varied from eight to twenty-two. The Ames gages
used had a least count of O.OOl-in.
The strain readings at different levels of a cross-section
gave the deformation picture of a vertical cross-section. Where a
longitudinal strain reading was desired, two metal targets were
glued lO-in. apart. The deformations were read with a Whittemore
strain gage recording ~o O.OOOl-in. For the small-sized beams, the
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readings were taken at four different levels of the precast beam and
two levels on the side of the slab. Some of these locations were
chosen such as to be close to the position of either the two bottom ten-
sion bars, the two upper~tension bars, the center of gravity of the pre-
cast beam, or the center of gravity of the composite beam. The strain
readings could not be taken too close to the beam or slab extreme fibers
due to the physical dimensions of the targets and Whittemore extenso-
meter. For the full-sized beams the readings were taken at four or
five different levels on the precast beam and at variable but numerous
positions underneath, on the side, and on the top of the slab. The
strain readings on the top of the slab gave the strain distribution
over the width of the slab. The number of recorded positions varied
with the different beams.
For beams 4.8 and 5.0 some strain readings were checked using
SR-4 electrical gages. As long as no heavy cracking occurred in the
gage length of the Whittemore or SR-4 gages, the strain readings gave
a true picture of what was happening. Sometimes, however, the accuracy
of the mechanical strain readings was diminished by the inadequacy of
some of the drilled metal targets.
The centerline deflection was recorded with an Ames gage
for each beam. For a few beams the deflection was recorded at both
quarterpoints to establish if the deflection increased faster in
the shear span with the larger joint damage. For the box-beam the
deflection was read at the centerline and under both webs at the
quarterp9ints in order to record any possible torsion. Just before
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failure, the deflection gages were removed and a level was used to record
the further deflection. A level was also used to check any variation in
the elevation of the supports during the fatigue and static loading.
3.7 TESTING
The beams were placed in the fatigue testing bed and one or
two Amsler pulsators coupled with one or two Amsler jacks transmitted
the loading to the beams. This same equipment was used for static as
well as fatigue loading.
The test specimens were first loaded statically in increments
up to the maximum load to be used in the repeated load test; the incre-
ments were in general 5 kips, sometimes more and sometimes less, depend-
ing on the capacity of the particular beam. After the initial static
test was completed, the cyclic load varying between a minimum and'a
•
maximum specified value was repeated 2,000,000 times. The maximum
repeated ~oad was chosen on the basis of the Wisconsin test results.
There were two reasons for keeping the minimum repeated load at a cer-
tain level, and not at zero; first, to avoid a separation of the jack
from the spreader beam during cyclic loading, and second to stress the
joint as the weight of the railing, curbing, and surface finishing
does for the joint of an actual bridge. In the,test,the minimum
repeated load was approximately one-fifth of the maximum load as
shown in Table 14.
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The cyclic, sinusoidally varying load was applied at a rate
of 250 cycles per minute. The deflection readings taken during static
testing were used to adjust the load in order to compensate for any
amplification of loading during the dynamic testing. The loading and
therefore the joint stresses, were constant for the 2,000,000 cycles of
loading. The fatigue loading was stopped about ten times for intermediate
static tests which were identical to the initial static test. For beams
2.6, 3.6, and 4.6, the fatigue testing was continued beyond 2,000,000
cycles for a few additional hundred thousand cycles with a larger maxi-
mum fatigue load.
If a beam had not failed after the repeated application of
load it was loaded statically in increments until failure occurred.
For beams 9.1, 9.2, and 9.3, this last static test to failure was per-
formed in the 5,000,000 lb Universal testing machine and for all other
beams with the Amsler jacks.
PRE SEN TAT ION
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4.1 METHOD OF ANALYSIS
4 . 1 . 1 Ge ner a 1
The teits described in this study were conducted to investigate
the joint strength of the beams under concentrated fatigue loading. Be-
fore the actual presentation of the results some attention must be given
to the analysis method used in relation to the test results.
4.1.2 Nominal Shear Stresses
"[In any part of any beam, the vertical and horizontal shear
stresses can be obtained knowing the loading conditions, the cross-sec-
tion properties, and the material properties. Thus the true horizontal
joint shear stress in any part of the joint can be computed for any
given loading condition. However, the necessary computation is rather
tedious. In order to use a simpler method, all shear stress values
given in this study are computed as nominal shear stresses in the joint
and are not necessarily the true shear stresses. The nominal shear
stress, based on the equation
v = VQ
bI
gives the true joint shear stress only when the joint is not cracked
and both materials have linearly elastic stress-strain relationships
which are assumed in computing Q and I.
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As soon as the concrete behavior is no longer linearly elastic
in compression the true and nominal joint shear stresses diverge and
the true shear stress can be up to about 6 percent above the nominal
shear stress for the beams of this test series. When the joint cracks,
the true shear stress can rise to be much larger than the nominal shear
stress. Despite this, the joint .stresses are given in terms of nominal
shear stresses, and the recommendations will also be made this way. In
actual design, the stresses are usually computed as nominal shear
stresses in order to compare them with the allowable or ultimate stresses
given in the codes. In the shear stress computation, it is important to
use the correct values for the statical moment Q and the moment of
inertia I; the different Young's moduli of the concretes must be taken
into consideration as well as the modular ratio for the concrete and
steel. For both Q and I the convention is to transform the entire
section into the material of the precast beam and to neglect any ten-
sile strength in the concrete. In the computation of the transformed
statical moment Q, the question arises as to what width of the slab
is effective and consequently considered in the computation. For all
test beams the entire slab width was taken into account in accord with
Section 2.3, even when the AASHO or ACI Codes would be more conservative
and reduce the effective width.
It is further noted here that the shear span considered for
all results concerns the concentrated live load. The dead load itself
was distributed over the entire length. No rule is known which indi-
cates how to choose the shear span for a distributed load and still
maintain the validity of the equations relating joint shear strength
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and aid ratios. However, this question was not pursued further in
this study because of its minor importance in bridge building where
the composite girders are generally built unshored, and where the
actual loading is concentrated. Until some tests have been run with
distributed loads on composite concrete beams, it is considered con-
servative to divide the beam length in one or more segments and to
replace each segment of the distributed load by a concentrated load
of same magnitude located at the end of the segment toward the load
point.
4.1.3 Joint Stresses Due to Dead Loads
The joint shear force depends on all the dead and live loads
which are applied on the beam after the slab concrete has hardened.
Therefore, there is a difference in the magnitude of the joint shear
stress depending on whether or not the precast beam was shored when
the slab was placed. If the precast beam is not supported at some
points along its length, it is carrying the complete dead load of the
composite beam and the joint is free of dead load shear stress. In
the case where shoring supports the beam until the composite member
is able to carry the entire dead load, a shear capacity is necessary
to transfer the joint stresses due to dead load. In the most common
case the composite beam is built unshored but railing, curbing, and
road surface finish are added on the bridge at a time when the compo-
site action is complete. Therefore only part of the dead load initiates
shear stresses in the joint.
630 psi. Due to
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For the test beams of this investigation the slab was placed
on shored precast beams, thus the dead load of the entire composite
beam contributed to the shear stresses in the joint. This horizontal
stress increased for each beam from zero at the centerline to a maxi-
mum at the supports. Therefore the total joint shear stress a.t a
certain load depends on the position of the cross-section considered.
The only joint stresses of importance here are the ones at tpe loca-
tions of joint damage, cracking and slip which occurred first at about
the quarter points of each beam. Therefore half of the maximum dead
load shear stress has been added to the live load shear stress for
all the pertinent shear stress values given in the tables of this study.
For example for beam 4.6, the dead load joint shear stress varied from
zero to 12 psi and the shear stress due to live load at the time when
the crack reached the joint first was 624 psi. Then the value given in
the corresponding column of Table 14 is 624 + l~
the small-sized and the short span of most beams of this test series
the joint stress due to dead load was small. Therefore even if the
damage, slip, or cracking considered did not occur exactly at the
quarterpoints, the dead load joint stress which should have been added
was not very different and the error introduced, two percent at the
most, was negligible.
4.1.4 Influence of Repeated Loading
i
In a study of fatigue test the reader may expect to be con-
fronted with tables and figures relating the stress level to the prob-
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ability of failure before a specified number of cycles. Those relation-
ships give the common S-N curves or S-N-P curves and allow one to define
an endurance limit. However, this type of study cannot be done exten-
sively here and is not considered to be a key to the answer to the joint
strength problem for numerous reasons. A condition for the use of S-N
curves is that a large number of specimens, as identical to each other
as possible, is required; Then one variable, the stress range, or the
maximum stress in the repeated loading is changed. However, never more
than two similar beams were manufactured during this test series. This
number of two is clearly insufficient for any S-N-P curve. One partial
remedy would be to take the test results as a function of the predicted
static strength, rather than as absolute values. This would allow the
use of very different beams in the same S-N curves. Then one curve
could be plotted for the beams with an intermediate joint and another
curve for the beams with a rough joint. However, only a few beams
failed in fatigue regardless of the criterion of failure used. Thus
not even this latter kind of S-N curve could be plotted.
The influence of the repeated loading on the entire behavior
of a beam is the same as that obtained by applying a static load greater
than the maximum load used in the repeated loading. In other words,
the cracking, slip, and deflection development, are comparable for an
additional number of loading cycles or for an additional static load.
Therefore, if no relationship can be established relating the different
possible fatigue loadings producing an equivalent joint damage, the
main objective should be the establishment of a relationship between
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the additional static load and the fatigue loading which induces the
same joint damage. However, this procedure would require a static
check beam for each fatigue beam and then at least two or three
identical sets of these pairs of beams. Each beam of a set would be
tested in an identical way in order to eliminate as much scatter in-
fluence as possible. The scattering is due partially to the imperfec-
tion of the experimental techrriques but also to the variability inherent
to the phenomenon of fatigue failure. The scope of the program was not
broad enough to have the necessary number of beams. No further study
using mathematical tools is undertaken here, as none seems to provide
the required solution. Thus empirical considerations are the only ones
possible and therefore the only ones used in this study.
4.1.5 Criteria of Failure
There are two possible ways of defining the acceptable joint
shear stress in the test beams: an "elastic" procedure avoiding any
damage of the joint or an "ultimate" procedure based on a certain joint
damage.
In working load procedure based on an entirely elastic
analysis an allowable joint stress would have to be defined, using
a certain factor of safety. Under a load equal to the working load
multiplied by the safety factor there should be ITO joint damage.
The criteria for a design of that type could be obtained by studying
the behavior of test specimens before there is any joint damage. Any
joint damage is definite and therefore would lead to an unacceptable
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joint behavior corres~ondingto an inelastic behavior. An elastic
design and analysis theory would tend to go against the modern
tendency of using the large reserve of strength beyond the point of
first damage. This reserve of strength is not proportional to the
elastic strength and therefore an elastic design procedure leads to a
di~ferent factor of safety against failure for different beams. If
an elastic strength procedure would be used there would likely be a
discrepancy betwee.n the j'oi'nt safety factor and the safety factor
against flexural failure. In an ultimate strength procedure it is
possible to choose the safety factor against joint failure and at the
same time independently choose the safety factor against flexural fail-
ure.
Because of the inelastic stress-strain curve of the concrete,
the compression force in the slab and thus the shear force at the
joint increases faster than the load, or, in a fatigue test, faster
than the deflection., This non-linear relationship gives another
reason for using an ultimate strength design procedure.
In designing the s~ear connection for a steel-concrete joint,
it is easy to define and consider an ultimate strength design.' The
natural bond is so weak that it can easily be neglected. Thus the shear
connectors must transfer all of the compression force in the slab. In
designing the shear connection for a concrete-concrete joint, however,
it is more economical and correct to consider the action of the natural
bond in addition to the action of the reinforcement. An exact failure
theory for such a case does not exist. Design recommendations must be
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made in the light of test results considering that the results are more
scattered than for flexure tests, as is traditionally the case for
shear tests.
As was done for the Wisconsin study, an ultimate load proce-
dure will be used based on the test results. Scrutinizing the entire
beam behavior under testing, an ultimate load will be defined based
on joint cracking, joint slip, and beam deflection. From the ultimate
load an ~ominal shear stress in the joint can be computed and will be
called the allowable shear stress or shear strength. It is given in
this form in the codes. Even when allowing the joint to crack and slip
before failure, the working load on the structure will be actually
smaller'bya number equal to the load factor and thus in most cases
neither cracking nor slip will actually occur at the interface during
the life of the girder. The load factor or safety factor may be kept
low, however, to remain in line with what is usual for member which
-have been tested in fatigue. Considering the ultimate strength in
design does not imply that this study includes the use of a limit
design in a statically indeterminate continuous beam since this type
of beam was not considered.
Several criteria of failure might be used to define the
joint behavior chosen to correspond to the ultimate joint strength.
The beams of this series, like most bridge composite concrete beams,
had an amount of joint reinforcement insufficient to transfer the
ultimate shear force without the help of the natural bond. The least
conservative possible joint failure criterion was therefore obtained
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by accepting the actual failure or collapse of the natural bond over
an entire shear span. This criterion, as used for the design of steel
concrete composite beams, results in the precast beam carrying part of
the bending moment carried before cracking by the composite beam. This
moment redistribution leads to deflection values much larger than for a
corresponding monolithic beam. The detrimental effects connected with
joint cracking, the loss of composite action, the additional moment in
the precast beam and the additional deflection, lead to a decreased
carrying capacity of the composite beam much before the joint is com-
pletely broken. Therefore, if a composite beam fails in bending when
its joint is heavily cracked but not completely broken, the ultimate
load is below the ultimate strength capacity of the same composite beam
with a much stronger joint connection.
For the analysis of a concrete composite beam, it would be
desirable to know the behavior of the joint past the earlier damage and
up to the maximum shear loading. In some cases the true ultimate load
of composite beams would be found between the load which causes a first
loss of composite action and the ultimate load on the corresponding mono-
lithic beam.
In the design of concrete-composite beams, the need is for a
joint strong enough to avoid any joint damage leading to a decrease
of the beam bending capacity. A joint ultimate strength to be used in
design should be conservative enough to avoid reduction in the' flexural
capacity of the beam before the joint reaches its capacity. A joint
shear stress which does not fail the joint but which damages the joint
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sufficiently to precipitate beam failure is not acceptable in design. In
general a small additional joint reinforcement, eliminating the loss of
composite action, can allow the beam to support more load. This leads
to a criterion of acceptable joint shear strength much more conservative
than what could be accepted if it would be desirable to use the entire
joint capacity regardless of joint damage. A criterion based on·an
actual joint failure but on a joint damage likely to cause some pre-
mature beam failure has been used in all studies in the past and is
used in this study.
The question now is reduced to defining the joint damage
causing a critical loss of composite action. Several possible criteria
can be conceivably introduced, based on:
- deviation of the deflection curve from the deflec-
tion curve of a similar but monolithic beam
- differences of longitudinal strains at the top
of the precast beam and at the bottom of the slab
- visual inspection of cracking in the joint
- a certain maximum slip or a rapid increase of slip
In the Wisconsin report, no actual definition of failure is given but
all the possible criteria cited above seem to have been used at the
same time to define empirically a joint failure. In the peA report,
Hanson accepted a slip of O.OOS-in. as a critical value beyond which
composite action is rapidly destroyed. The failure criterion based
on a certain amount of slip is more or less similar to the one based
on a visual observation of cracking. A slip of only O.OOS-in. seems
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to be -too conservative, because in certain beams it means just that the
bond is broken over a very short length, on initiation by a diagonal
crack, but the stirrups take over the shear transfer and no further
damage occurred with more fatigue loading; but if O.OOS-in. of slip
is a valid criterion for the failure of the joint in push-out tests
or very short beams such as tested by Hanson, it does not seem to lead
to consistent results for larger beams, especially if the joint is very
well reinforced. In summary such a maximum slip criterion is possible
but inadequate. Criteria based on sharp changes in the curvature of
the slip, deflection or strain curves would be more suitable but for
most beams with a strong natural bond or a strong reinforcement there
is no such sharp change.
In this study a conservative criterion chosen in order to
bar any excessive loss of composite action in fatigue was used. It
is based on the entire behavior of the beam, on slip, deflection and
cracking developments. This criterion of failure for the test beams
is not based on anyone set of numbers or graphs but it came through
a careful study and evaluation of all possible indices. If larger
cracking would be accepted this would mean more concentration of
shear stresses and more shear on the steel ties which would cause
much loss of composite action.
The criterion of failure is defined primarily in ter~s of
joint slip and secondly in terms of joint cracking. Since the test
series was not sufficient to indicate if the critical value of slip
was identical for a beam with a high aid ratio or with a low aid ratio,
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the criterion of 'joint failure is defined first for the beams with aid
2.57 or aid = 3.86, and only later, for the beams with aid = 7.71.
J
Test beams with aid = 2.57 and aid = 3.86 are considered to
have failed in the joint as soon as anyone of the slip readings
reached O.OlO-in. Test beams with 0.50 percent of joint reinforcement,
(that is, beams with a maximum tie spacing of 6-in.) were also 'con-
sidered to have failed in the joint when the number of joint cracks
was at least equal to two-thirds the number of ties, in the same shear
span, and each one of these cracks was at least equal in length to one-
third of the tie spacing. For the test beams with aid = 2.57, for
example, this means joint failure when four joint cracks appeared in
one shear span, each crack being longer than 2-in.
The O.OlO-in. slip value corresponded in general to a sub-
stantial cracking and to a change in the deflection and strain curves'.
However, for the beams with a steel tie every 6-in. the slip reading
was the only indicator which did not point to a joint failure. The
numerous ties prevented the slip from developing to O.OlO-in. even
though the joint was considerably damaged. From the fifteen fatigue
beams with aid = 3.86 and 2.57, thirteen joints were considered to
have failed when the slip readings reached O.OlO-in. In the other
two beams, 3.5 and 4.7, joint failure occurred when the joint was
cracked according to the criterion given above.
For beams with aid = 6.00 or aid = 7.71, the O.OlD-in.
slip does not correspond necessarily to a loss of composite action
and therefore toa joint failure. Because the joint is long ihe
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critical slip value could probably be accepted higher than O.OlO-in.
For these beams, the tests did not give sufficient information to define
exactly a criterion of joint failure. Only three beams showed any joint
damage. Beam 1.8 failed suddenly after 11,000 cycles of repeated load-
ing. The slip value suddenly increased from O.OOs-in., well past 0.020-in.
and the joint failure occurred definitely at this stage. No crack was
apparent in the joint of beam 3.8 and the 0.006-in. slip reading obtained
before beam failure was due to a diagonal tension crack in the precast
beam above the point of attachment of the slip gage. Thus there was
definitely no joint failure. Beam 2.9 had a maximum slip of 0.007-in.
when the last set of readings were taken at a joint shear stress of
440 psi. When the load was increased by 1 kip, bringing the joint
shear stress to 452 psi, the joint cracked suddenly and extensively
and the slip increased well past 0.020-in. Therefore there was
definitely a joint failure at this stage. In summary the sudden
joint cracking and slip development in beams 1.8 and 2.9 was sufficiently
clear that no exact criterion of failure was required.
The joint ultimate load, as just defined, is given in terms
of nominal joint shear stress in Table 15. It was used in all subse-
quent computations. The joint stresses are given also at beam fail-
ure. In some cases the precast beam flexural strength and in some
other cases the joint strength due to ties and friction were sufficient
to extend the beam failure higher than the complete joint failure.
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4.2 TEST RESULTS
4.2.1 Presentation of the Test Results
The test results are compiled in tables given in Section 9.
The beams are listed according to the increasing aid ratios. Among
beams with the same aid r~tio the ones with a lower percentage of
joint steel come first. Among the beams with equal aid ratio and
joint reinforcement the ones with the smoother contact surface finish
come first. Among absolutely similar beams the first one tested is
placed first. The auxiliary or check beams are interspersed with the
fatigue test beams. The test results in these tables are never given
in terms of load or total shear forces but always in terms of the nominal
shear stress in order to be useful to design engineers. In addition to
the joint shear stress, the number of cycles of fatigue loading previous
to the considered type of damage or failure is given in some of these
tables. If the considered damage occurred during a static test, "+st"
is added to the number of fatigue cycles in order to indicate a differ-
ence between fatigue damage and static damage. For example a damage
after 2,000,000+st,. cycles occurred in the'static test run after
2,000,000 cycles of fatigue loading. An explanation of the notation
used in the column headings is given in Section 7.1. In all the
figures of Section 10, which concern more than one beam, the joint
or beam number is given next to each curve.
The test results for the box-beam 9.3 will be given in the
tables. The discussion of the results for this box-beam, however,
will be discussed in Appendix 8.1 and will not be included in the
general discussion.
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4.2.2 Visual Observations of Cracking and Failure
Cracking of the beam, cracking and failure of the joint are
so much related that they will be discussed together. The first
appearance of cracking in the precast beam up to the joint and in the
joint as a function of nominal joint stress and number of cycles of
applied load are given in Table 16. Typical beam cracking patterns
are shown by the photograph in Fig. 15. The heavy lines on the beam
indicate cracks having appeared before or after the repeated loading
test. The numbers on the beam close to these cracking lines indicate
the total load in kips applied to the beam when each particular crack
appeared. The dashed lines on the beam indicate cracks which appeared
during the repeated loading. The numbers on the beam close to these
dashed cracking lines indicate the number of cycles of applied load
in thousands when each particular crack appeared.
The cracking and failure mechanism of the joint was similar
for all beams, short or long, small-sized or full-sized, reinforced
or prestressed. The usual cracks due to a combined state of bending
and shear developed in the shear span of the precast beam. Vertical
cracks appeared in the pure moment region; in the shear spans principal
tension cracks started as vertical cracks and turned more and more
toward the load points as the loading progressed. In general the
cracks stopped when they reached the horizontal joint. However, after
additional loading some of the cracks continued horizontally along
the contact surface toward the load point destroying"the concrete bond
throughout the width of the joint.
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When the joint had an intermediate finish, failure of the
concrete bond occurred between two stirrups. Then the actual horizontal
shear force between the load point and the position of the crack in-
creased by the redistributed quantity which was carried earlier by
the segment of the joint now broken. The shear force exerted on the
steel ties increased together with the increased stress on the remain-
ing bonded region. Any further progress of the interface cracking
depended on the amount of reinforcing. If the amount of steel was
large, the crack was likely to progress only to the next tie which
seemed to carry most of the additional burden due to the loss of the
bond on a portion of the joint. The joint cracked well past the tie
only after the application of a large number of repeated loads or
after a considerable increase in load in the case of static loading.
However, in the meantime, additional joint cracking had usually de-
veloped from other diagonal cracks. When the amount of interface
steel was small, the ties between the joint crack and the load point
were not sufficient to carry the entire redistributed joint shear
force and the remaining concrete bond had to take some of it. There-
fore the part of the joint between the cracked section and the load
point became higher stressed and the joint crack was not stopped for
long at the stirrup but soon continued its progression toward the
load point.
When the interface finish was rough, the remaining part of
the joint had in reserve a much higher strength to carry what was
lost where the joint was cracked. The rough joint failed on a short
length due to the cracking initiated through a diagonal crack, but
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the joint as a whole was much stronger as can be seen in Table 17
for beam 2.6 where the ratio of the first crack load to joint failure
load is higher than for beam 3.7. After the first diagonal crack had
reached the interface at about two-thirds of the shear span from the
support, other diagonal tension cracks would progress in the same
manner closer and closer to the support. Therefore, as each single
joint crack progressed toward the load point, the joint cracking de-
veloped toward the support by subsequent addition of interface cracks.
Two types of failure were expected and designed for: a
flexural failure by yielding of the tension steel and crushing of the
top concrete for the beams with a strong joint, and a shear failure at
the interface for the beams with a weak joint. Both occurred but, in
addition two unexpected types of failure occurred, namely a flexural
failure by fatigue rupture of the tension bars and a diagonal tension
failure of the precast beam. Beam failure is defined as actual
collapsing and happened, for most test beams at loads higher than the
defined ultimate joint load.
The failure mechanism started with the cracking of the
monolithic acting composite beam which induced some joint cracking.
If the beam did not fail in flexure the interface damage was likely
to increase until the beam failed in the joint. The part of the joint
close to the support failed last, but suddenly, and without any initia-
tion by a diagonal tension crack. In a joint failure of this kind the
steel ties yielded but in general did not fail. Their ultimate shear
transfer capacity, however, was not sufficient to take over the shear
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force that the natural bond transferred prior to its failure. Then the
partially composite member was probably unable to carry the load already
applied on the beam before joint failure and a sudden and complete collapse
resulted.
A primary joint failure or at least an important joint damage
was desired for most test beams in order to determine the joint strength.
Actually a joint failure occurred in sixteen beams, for four of them
before or during the repeated loading and for twelve of them during the
subsequent static test to failure. The joint failure was observed in
all short beams with aid = 2.57 and 3.86 except for the three with a
rough joint and a large amount of steel. Joint failure was also ob-
served in the 20-ft beam with aid = 6.00, an intermediate joint finish,
and small amount of steel. After the failure of a rough joint the slab
was removed to inspect the interface surface. It was apparent that the
surface of the failure did not correspond to the original joint profile.
The plane of failure was definitely smoother than the original precast
beam top surface before slab placing. It seemS that the slab concrete
placed in the depressions of the joint contact surface was broken in
shear like shear keys have been in earlier tests. Therefore, it is
felt that shear keys would not make the joint stronger than a number
of small-sized depressions.
Yielding of the tension steel in flexure was the primary
mode of failure for eight of the beams. Two were auxiliary precast
beams without any slab. Six were regular composite beams with some
joint damage at the time of the slab concrete crushing. This mode of
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failure is well known and will not be described further. Also, failure
in diagonal tension is well known and will not be discussed further here.
Four 20-ft beams failed in fatigue of the tension bars during
the repeated loading test. At the time of failure the joint did not
show any damage despite a maximum fatigue loading ranging from 68 per-
cent to as high as 85 percent of the joint static strength derived from
the Wisconsin equation. The early failure of these four beams, before
any joint damage, deprived them of much of their potential usefulness.
,
In summary, twenty-three test beams showed at least some
damage of the joint and thus were useful in making a study of the
joint behavior during and after fatigue loading.
4.2.3 Relation Between Joint Strength and Deflection
The deflection curves are not basically different from the
ones obtained in Wisconsin for static tests. Figures 16, 17, and 18
give the centerline deflection vs. the joint stress for all beams.
The effect of the repeated loading on the deflection is indicated by
the horizontal and straight part of each curve which indicates an
additional deflection at a constant maximum joint shear stress.
Figures 19 and 20 give the centerline deflection vs. the number of
cycles for the four short beams.
Most of the 20-ft beams did not fail in the joint; their de-
flection curves as a result are similar to the deflection curves for
monolithic beams. The beams with a lower aid ratio show a different
behavior. The deflection curve diverges from the one of comparable
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monolithic beam according to the loss of composite action, in other
words, according to the damage in the joint. Beams with a strong joint
like beams 2.5,2 •.6, and 2.7 show a gradual divergence of their deflec-,
tion curve from a one-beam action to a two-beam action. Beams with a
weak joint like beams 1.5 and 1.6 show a sharp deviation from a smooth
curve at a certain point due to a rather sudden loss of the concrete
bond. The steel ties prevent the curve from going to that of a deflec-
tion curve for the precast beam. This restraining effect of the ties
is increased by the friction at the interface and by the fact that the
joint was never broken over the complete length. The deflection curves
change curvature with the loss of composite action, but they indicate
the joint failure only when this failure occurs at the same time over a
long segment of the shear spans.
Some measuring was made of the quarterpoint deflections but
these readings did not indicate more deflection under the shear span
with the greater joint damage.
In summary, the appearance of a two-beam action for girders
with an intermediate joint finish took place at lower loads than for
comparable beams with a joint of rough finish. The long members which
did not fail in the joint showed the same kind of deflection curves
regardless of the percentage steel across the joint or the degree of
surface roughness.
4.2.4 Relation Between Joint Strength and Strain Readings'
In the pure moment region, a plane section remained plane
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through the entire testing up to failure. This was generally true also
for the parts of the beams where the joint was not damaged.
In the beam regions with joint damage, the strain distribution
is more difficult to analyze and less consistent from one case to another.
When a section which is plane before loading becomes two plane sections,
one in the precast beam and a different one in the slab, this indicates
a two-beam action or at least a.partial two-beam action. Very often,
however, slip readings indicate a partially composite action while the
strain readings do not, because the la-in. strain gage was also
extended over a non-damaged region. Some results are given here for
their aid in understanding more generally what happens in a composite
beam as it looses its one-beam, action. They are not given in any way
as a basis for joint strength discussion.
Figures 21 and 22 give an idea of how the composite beam
neutral fiber moves toward the neutral axis of the precast beam when
the fatigue test progresses and the joint is being destroyed. This
can be seen also as the rotation of the flexural strains in the beam
and the slab around two respective centers of rotation. This happened,
however, long after the joint was considered to have failed and there-
fore is not significant in the analysis of the test results. Figure 23
gives the strain picture for a group of beams just after joint failure
as defined above for each fatigue beam.
The strain readings, in summary, were not a reliable tool
for any definite conclusion. At best they just confirmed at a higher
load or number of cycles, the joint damage or failure already detected
through slip readings or visual observations.
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4.2.S Relation Between Joint Strength and Slip Development
The differential movement of the slab and the precast beam
at a certain position is called the slip. The slip develops as the
joint cracks with increasing load as seen in Figs. 24 and 2S, or with
increasing number of cycles as shown in Fig. 26. Table 18 gives at
what stage during the static or fatigue testing one of the slip gages
reached O.OOS-in., O.OlO-in., O.OlS-in., and O.020-in. respectively.
Table 19 gives the maximum slip developed along the joint at four
different stages,after the initial static test, after one million
cycles of fatigue loading, at the end of the fatigue testing, and at
the last reading before beam failure. Comparisons have been'made to
see if the joint behavior is best described by the slip indicated by
the gage with the highest reading, by the highest sum of any two ad-
jacent readings, or by the sum of all the readings in one shear span.
The highest reading in the shear span at any stage is used in this
study. The fact that in the middle part of the beam there was no slip
throughout the testing indicates that they were not influenced by bending
stresses.
Table 19 indicates that beam 1.6 is the only one with O.OOS-in.
or more slip before fatigue testing. However, eight more beams had
O.OOS-in. of slip at the end of the fatigue test. All but one of the
eight beams with aid = 2.S7 had O.OOS-in. of slip at the end of the
fatigue loading. Only two of the remaining fifteen fatigue tested
beams with a,higher aid ratio had O.OOS-in. siip at the end of the
fatigue testing and both had an intermediate finish. Only four beams
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of the twenty-three fatigue tested beams had O.OlO-in. or more of slip
at the end of fatigue testing. All four had an intermediate finish and
three of them had only 0.15 percent of joint reinforcement. If one
excepts the beams which had failed at the end of the fatigue test one
sees a consistent slip development: of all the beams toward higher slip
values like 0.015-in. and 0.020-in. All but one of the ten beams with
small steel percentage and rough joints or large steel percentage and
. intermediate joint reached the 0.020-in. of slip when the jcint shear
stress was between 500 psi and 640 psi, that is, in a relatively short
range. By comparison, all the weaker joints, that is, with 0.15 per-
cent joint steel and intermediate finish, reached the 0.020-in. slip
earlier and all the stronger joints, that is, with 0.50 percent joint
steel and rough finish, reached the 0.020-in. slip later. The develop-
ment of slip up to 0.020-in. in the two full-sized prestressed beams
9.1 and 9.2 and in the corresponding small specimens like 2.5 and 3.5
was very similar. The slip at ultimate load, however, was much larger
for full-sized beams than for corresponding small-sized beams. Except
for beam 1.6 which failed before the end of fatigue testing, the slip
readings appear consistent in Tables 18 and 19 for the entire set of
beams.
Figures 36, ·37, and 38 give the maximum slip development vs.
the joint nQminal shear stress for all beams tested in fatigue. The
effect of the repeated loading on the slip is indicated by the
horizontal and straight part of each curve which indicates an addi-
tional slip at a constant maximum joint shear stress. To.a certain
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degree these curves are comparable to deflection vs. shear stress curves.
When the load on the beam was removed during testing the slip never came
back to zero but a residual slip was always present. For certain beams,
the slip curve shows a sharp curvature change when the composite action
is about to be partially lost but for most beams the change is very
gradual. Curves of Fig.'38 showing the slip vs. the number of cycles
of loading do not present significant results.
A look at Table 18 to consider the slip progress in two pairs
of identical beams shows that:
- for beam 1.6, the slip increased from 0.005-in. to
O.OlO-in. with the static stress going from 176 psi
to 233 psi or an increase of 57 psi, while for the
identical beam, 1.7, a corresponding change was ob-
tained going from 60,000 to 1,510,000 cycles with a
maximum joint stress of 290 psi.
- beam 3.6 passed the 0.005-in. slip at 310,000 cycles,
the O.OlO-in. slip at 675,000 cycles while the identi-
cal beam 3.7 reaches 0.005-in. slip at 50,000 cycles
and O.OlO-in. slip at 2,000,000 cycles; the maximum
fatigue stress was 375 psi for beam 3.6 and 403 psi
for beam 3.7.
These comparisons indicate the relative action of the static
and fatigue testing. They underline also the scattering of the test
results." Beams with aid ratios higher than 2.57 did not reach 0.005-in.
of slip at the end of the fatigue tests.
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The slip rarely developed symmetrically with respect to the
center of the beam. When the joint was damaged in one of the shear
spans the shear stress on the undamaged part of the joint was in-
creased which tended to aggravate the damage in turn while in the
other shear span the actual bond stress did not change.
In summary, slip, although not sufficient, provides the
best data to evaluate the joint behavior at different locations along
the beam and at all stages of repeated loading and static testing.
The slip readings are never in contradiction with the deflection or
strain readings and they have the advantage of being easily obtained
and evaluated.
4.3 DISCUSSION OF TEST RESULTS
4.3.1 General
The different readings and observations have been discussed
separately. At this point, a discussion of the joint strength and its
dependency on some of the different variables will be given based on
all the material of Sectibn 4.2. The discussion will cover the static
test results as well as the fatigue test results but more emphasis will
be given, whenever possible, to these latter ones.
4.3.2 Relation Between Joint Strength and Joint Reinforcement
For each beam tested in fatigue with about 0.15 percent joint
reinforcement there was another beam different only in having more re-
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inforcement, generally around 0.50 percent. Altogether there were eleven
pairs of comparable beams. These pairs comprised the beams 1.5 - 3.5,
1.6 - 3.6, 1.7 - 3.7, 1.8 - 3.8, 1.9 - 3.9, 2.5 - 4.5, 2.6 - 4.6,
2.7 - 4.7, 2.8 - 4.8, 2.9 - 4.9, and 9.1 - 9.2. The pair 1.8 - 3.8,
however, allowed only partial comparison due to the different shear
spans used in testing the two beams. The other ten pairs indicate
that even when the more reinforced beam was first submitted to a
higher fatigue loading, it always showed an equal, or higher joint
and beam capacity in the static test to failure. This increase in
joint strength appears in Tables 15 through 19, at joint failure, at
beam failure, and at certain pertinent interface slip values like
0.005-in. or O.OlO-in.
The study will emphasize primarily the joint failure as de-
fined earlier because of its overall significance and importance. For
all beams failing in the joint, the reinforcement increases substantially
the capacity of the connection. The beams of the pair 2.5 - 4.5 had the
same fatigue loading. In beam 4.5 with 0.50 percent joint reinforcement
the failure of the joint came as the nominal shear stress reached 779
psi while beam 2.5, with 0.15 percent reinforcement only reached 511
psi; that is, an increase of 268 psi or more than 50 percent improve-
ment for beam 4.5. All other pairs of beams had a greater fatigue stress
for the more reinforced joint. Even with this additional fatigue loading,
joint failure always occurred, in the static test to failure, at higher
stresses for the stronger joint. Some of these pairs give useful in-
formation despite the differences in fatigue loading. Due to the addi-
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tional reinforcement, the failure stress for the stronger joint compared
with the weaker joint was greater,
by 177 psi or 42% for 1.5 3.5
by 137 psi or 60% for 1.6 3.6
by 113 psi or 39% for 1.7 307
by 268 psi or 52% for 2.5 4.5
by 117 psi or 23/0 for 2.6 4.6
by 83 psi or 16% for 2.7 407
by 140 psi or 27% for 9.1 9.2
If the fatigue stresses would have been kept equal in each pair, the
difference could have been only larger, not smaller. Thus the effect
of the reinforcing steel on the strength of the joint is significant,
at least in the range of reinforcement studied here. Despite the
limited amount of data available, it is possible to conclude that the
numbers are consistent and do not seem to depend on the other variables,
the aid ratio and the interface finish. It is certainly conservative
to say that after supporting 2,000,000 cycles of fatigue loading, the
0.35 percent additional steel, obtained by having P = 0.50 percent in-
stead of P = 0.15 percent, increases the subsequent static strength of
the joint by 87 psi, at least, or in other words by 25,000 lb for each
sq in. of ties.
A similar comparison made at beam failure rather than at
joint failure yields the following strength increases: 292 psi, 116 psi,
140 psi, 308 psi, 437 psi, 249 psi, and 306 psi, respectively, for the
previous pairs of beams. These numbers are, in general, higher than
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the ones seen for joint failure which tends to prove that the steel
effectiveness increases when the joint damage increases. Figure 40
illustrates the influence of 0.15 percent additional joint reinforce-
ment obtained by having P = 0.30 percent instead of P = 0.15 percent.
The slip readings are smaller at equal stress conditions in the joints
and also at failure in the more reinforced joint 9.1 than in joint 9.2.
Another comparison of the same sort is made for 0.005-in.,
O.OlO-in., 01015-in., and 0.020-in. of slip. The four numbers for
each beam pair correspond to the additional strength of the greater
reinforced beam at each one of these slip values respectively as given
in Table 20. Despite the difficulty of comparing results which in-
clude the effect of different levels of fatigue stress for the two
beams of a pair it is evident that the ties carry more and more shear
stress when the slip increases during the static test to failure.
This conforms with the theoretical considerations already made.
According to Hanson's(15) interpretation, one square inch of
joint reinforcement carries a shear force of 17,500 lb. In the
Wisconsin tests, the shear force transmitted by one square inch of
ties depends on the aid ratio and is said by Saemann and Washa to
'decrease from 33,900 lb for aid = 2.57 to 20,000 lb for aid = 3.86
and to only 6900 lb for a beam with aid = 7.71.
According to what is known from the action of fatigue in,
general, the strength of the ties is reduced if the fatigue stress
in the joint increases. Thus the apparent transfer of 25,000 lb per
sq in. of ties given above would have to be reduced if the fatigue
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loading would be increased to the point of initiating some fatigue
failure of the joint near 2,000,000 cycles of loading. This value
would also have to be diminished further for a recommendation because
of a possible larger scatter of actual strength.
If the same joint damage is accepted as a criterion of fail-
ure regardless of the joint length, there is no theoretical reason to
believe that the effectiveness of the ties would depend much upon the
beam length or any other geometrical property. The test results, also,
do not indicate any change of tie effectiveness due to changes of joint
length. Both a comparison for the four directly comparable pairs of
beams and a study of all the test results indicate no influence of the
aid ratio on the effectiveness of the joint reinforcement. It is
possible that what is indicated in the Wisconsin report as a decreasing
effect of joint reinforcement with increasing aid ratio may actually
be part of the decreasing overall joint strength due to the influence
of the diagonal tension web cracking on the joint cracking. it appears
that the relation between the aid ratio and the natural bond strength
is better suited to account for this influence. It appears also, from
the cracking development, that the steel ties have a greater importance
under fatigue loading than under static loading. This occurs probably
because the natural bond is destroyed earlier in fatigue. The crack
development was generally arrested at the position of the stirrups for
a considerable time. The same greater importance of the steel ties in
fatigue than under static loading appears if one compares the actual
joint strength of the test beams to their strength according to
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Wissonsin equation as shown in Table 17. The ratios given in Table 17
either mean that the loss of effectiveness due to 2,000,000 cycles of
fatigue loading is less for steel than for natural bond or that the
steel ties influence is not comparable for joints under static or
fatigue stressing.
The fact that none of the ten beams with 0.50 percent steel
tested in fatigue had any damage in the joint well after the end of
the fatigue test indicates that 0.50 percent was too much for this
test series and that the maximum amount of reinforcement should have
been lowered.
In summary the effect of additional ties is quite evident.
With a larger amount of steel the slip progresses more slowly, the
failure of the joint and of the beam occur later, the rate of deflec-
tion is slower, and the cracking not as developed. The steel influence
tends to increase when the joint damage progresses as can be seen in
Table 20 for different pairs of comparable beams. A good comparison
being given by the beams 9.1 and 9.2 which are very similar in every
respect except their joint reinforcement and their "joint strength.
The test beams never had less than 0.14 percent or more than 0.52 per-
cent of joint reinforcement. While it is likely that percentages of
joint steel outside of the tested range have a directly proportional
capacity of transferring shear, directly proportional to their magni-
tude the lack of tests allows only suppositions.
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4.3.3 Relation Between Joint Strength and aid Ratio
The aid ratio has been recognized as a variable in the analysis
of the peA test results. It has been shown in the Wisconsin study to be
of great importance on the joint strength due to both bond and reinforce-
ment. All the results of earlier test series given in Tables 2 and 3
have proved that the aid ratio is important at all levels of joint
For beams with a same given effective depth "d" the aid
ratio changes with the M/V ratio. Each pa.rticular combination of M
and V at a particular cross-section produces a certain beam cracking
pattern and the beam cracking influences the cracking at the inter-
face and in consequence the joint strength. The cracking is likely
to reach the joint at a lesser load when the aid ratio becomes larger.
For this reason, the joint strength depends on the aid ratio as is
apparent in Table 16. It has been shown in Section 4.3.2 that the
joint strength due to the reinforcement apparently does not depend
on the aid ratio. Thus it is the natural bond strength which depends
on the aid ratio. The test results given above concerning cracking and
failure do not indicate whether the influence of the aid ratio is
still as important beyond what is called joint failure. It is possible
that at greater damage the joint cracking depends less on diagonal
cracking and that therefore the ultimate joint strength depends less
on the aid ratio. If the maximum joint shear stresses in fatigue,
and the stresses at joint and beam failure are compared with the pro-
posed Wisconsin shear strength, as given in Tables 14 and 17, it be-
comes apparent that the ratios are in most cases higher as the aid
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ratio increases. This indicates that the joint shear strength does not
decrease with increasing aid as much as suggested by the Wisconsin
equation for static tests. In other words, the joint strength of the
fatigue beams depends less on the aid ratio than as suggested by
Saemann and Washa(17) for static tests. As in the Wisconsin study, no
simple relationship can be found between aid and natural bond strength,
and only empirical relations are possible. The study of the cracking
and failure of the test beams proved the validity of the peA and
Wisconsin choice of aid as an important variable for the joint strength.
The beams with a higher aid ratio had been stressed in fati-
gue with loads lower than for corresponding shorter beams and still
their joint failures and beam failures had a tendency to occur at
lesser joint stresses. This is seen in more detail when one compares
beams different only by the aid ratio. Beams 2.5, 2.6, 2.7, 2.8, 2.9,
and 9.2 had an equal joint reinforcement and finish, the two beams
with an aid ratio of 2.57 had a joint failure of an average stress of
529 psi and a beam failure at an average stress of 638 psi; the two
beams with an aid of 3.86 had a joint failure at an average stress
of 585 psi and a beam failure at an average stress of 826 psi. The
only beam with an aid ratio of 7.71 which had some joint damage,
failed in the joint at 440 psi and failed completely at 452 psi.
This last comparison is typical of the comparisons which can be made,
using Table 16 for all four kinds of joints. It is, however, rather
inconclusive when aid varies only from 2.57 to 3.86, probably due to
the too low fatigue stresses when aid was 3.86. The comparison proves
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however, that the joint strength is clearly less when the aid ratio goes
up to 7.71. It seems then that the aid ratio is not as important as
suggested in the Wisconsin report but still retains a certain influence
at moderate joint damage. The test results show a similar influence of
the aid ratio for small-sized and full-sized beams. Therefore the aid
ratio and not only "a " is the governing influence.
4.3.4 Relation Between Joint Strength and Joint Surface Finish
Two different contact surface finishes were tested in this
series. Although the Wisconsin static test series had indicated a
difference of joint behavior according ~o the finish, a single equation
for the joint strength is proposed in their report, independently of
this variation. According to all the test results given in Tables
15 through 19 the effect of the different finishes in this fatigue
test series is important. It is important at all stages of joint
damage and composite action losses.
Ten fatigue beams were manufactured with an intermediate
joint and ten corresponding beams were fabricated with everything equal
but the finish which was rough. The test results may be compared in
Tables 16 and 18 for the different pairs of corresponding beams.
These pairs are 1.6 - 2.6, 1.7 - 2.7, 3.6 - 4.6, 3.7 - 4.7, 1.5 - 2.5,
3.5 - 4.5,1.8 - 2.8,1.9 - 2.9,3.8 - 4.8, and 3.9 -4.9. The maximum
fatigue stress was generally equal for the two beams of a pair. The
joint failure however, if it happened at all, occurred in all cases at
a higher joint stress for the beam with the rougher contact finish.
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This is also true of the beam failure itself. The additional strength
of the rougher joint in each pair where a comparison is possible is
given in Table 21.
So, without any doubt, the rough finish made the joint much
stronger. From the results it seems possible that this influence de-
creases as the aid ratio increases. The number of tests was, however,
too limited to prove this. A comparison of the same pairs in the
development of slip is also informative. The rougher joint of each
pair, according to Table 22, carries additional shear stresses when
O.OOS-in., O.OlO-in., O.OlS-in., and O.020-in., of slip are reached
for the first time. Table 22 does not allow any conclusion other
than implying that the rough joint is definitely stronger. Possibly,
after O.OlO-in. slip is reached, which is at about the time of the
joint failure, the rougher joint loses most of its advantage. The
reason is probably that, by then, the shear force is transferred
more and more by the reinforcement and less and less by the natural
bond.
It definitely appears necessary to take into consideration
the kind of roughening in defining the joint strength of a composite
beam. This is especially true for a beam submitted to cyclic loading
since the joints with an intermediate finish showed a high sensitivity
to fatigue. The roughness is at least as meaningful a variable as the
aid ratio. Since the type of roughness was not used by Saemann and
Washa(17) as a factor in defining the joint static strength, the
equation which was conservative for an intermediate finish was
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
-84-
necessarily ultra-conservative for a rougher finish. It appears that,
despite the 2,000,000 cycles of repeated load, the Wisconsin equation
was still too conservative for all rough joints of this test series
as indicated in Tab le 17. All the beams with a number starting with
"2" or "4" as well as beams 9.1 and 9.2 had a rough joint and give a
vfail
ratio larger than 1.0.
vWisc
The joint surface finish has proved to be of importance.
The rough condition seems to be the optimum one, combining as it does,
a high shear strength and a practical approach to joint surface finish-
ing. No system has been proposed to define exactly this rough condi-
tion or to differentiate an interface finish with many small depressions
from another finish with a few large depressions. Before a better
criterion of roughness has been found, it is safe to follow what has
been described in this study and to use the comb shown in Fig. 14.
4.3.5 Relation Between Joint Strength and Position of Neutral Axis
No fatigue test was specifically designed to check the
relation between the position of the neutral axis and the joint shear
strength. The Wisconsin report gives an ultimate joint shear strength
10 percent higher when the neutral axis is 2-in. above the joint in-
stead of 2-in. below the joint. Although the test beams of this series
included a certain variation of the position of the neutral fiber
relative to the joint, no trend or definite variation of the joint
strength could be related to it on the basis of what is given in
Tables 5, 7, and 16. Initially during the test the neutral fiber
of the composite beam was in the precast beam in all test members as
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it is for most bridge composite girders. When the neutral fiber was
higher in the precast beam or in the slab, the diagonal tension crack-
ing reached the interface earlier; this could indicate a more critical
condition for the joint. On the other hand, however, the cracks were
more vertical and therefore from this standpoint less dangerous for
the joint. Thus any general conc~usion related to the relative posi-
tion of the neutral fiber and joint is difficult.
In the test beams the neutral fiber moved up with the load
or the repetition of loading because of the non-elastic behavior of
the concrete. So in fact some of the test beams had a neutral fiber
higher than the theoretical elastic one at the time of the joint fail-
tlre. According to the Wisconsin results, it is conservative to move
the joint upwards in the composite beam for a static test; this is
likely to be true in the same way for a fatigue test. Thus the re-
sults discussed here are most likely conservative whenever the neutral
fiber is just below or above the interface. If the neutral fiber of
a beam is lower than it was in the test series, the test results are
probably not conservative enough but the test data are not sufficient
to prove that the difference exists and is unconservative.
4.3.6 Relation Between Joint Strength and Concrete Quality
The compressive strength of both slab and beam concretes
is important around the stirrups. When the stirrups are deflected
laterally, the concrete must crush locally to allow deformation.
Actual composite beams are usually designed for a much stronger con-
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crete in the precast beam than in the slab such as was done for beams
9.2 and 9.3. Therefore the local crushing occurs first in the slab,,
thus influencing the joint strength. On the other hand, the tensile
strength of the concrete in the precast beam influences the diagonal
shear cracking and as a result the joint cracking. Thus the strength
of the joint depends on both the concrete tensile and compressive
strengths. Since both strengths are rather closely related, it is
possible to simply speak of the concrete strength. Neither in this
fatigue test series nor in the Wisconsin static test series was any
strong indication obtained of a proportionality between concrete and
joint strengths. Saemann and Washa(17) give a slightly higher shear
strength of about 7 percent when the compressive strength goes from
2900 to 4600 psi. There is no indication that the concrete strength
has a different influence on the fatigue strength than on the static
strength of a joint. The results in fatigue do not indicate any
special trend, and this point was not checked by any particular test.
4.3.7 Push-Out Tests
A push-out specimen is a short composite beam often even
shorter than its depth. Its joint can be finished and reinforced
in the same way as the composite beam joint described in thiS study.
A push-out test is a shear test having the shear force applied parallel
to the plane of the joint and i.n general there is no bending moment in
the specimen.
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The test results proved the validity of the influence of the
aid ratio on the joint strength and therefore discredited the usage of
push-out tests. All the weakening influence of the diagonal tension
cracking is not involved in a push-out test. The interaction of this
diagonal tension cracking and of the plane of weakness at the interface
is such that no simple rule is seen to combine them, especially in a
fatigue test. A push-out test, also, does not truly reproduce the com-
pression forces which exist in part of the cracked joint between the
beam and the slab. This is another unknown which excludes an exact
correlation between push-out and beam tests. Since, however, they
generally give an approximate upperbound of the joint strength, push-
out tests had a certain validity in the initial investigations of
this type of beam.
4.3.8 Restrained Tensile Strains
Does any cracking restraint of the slab concrete exist close
to the interface in composite beams made with a pretensioried prestressed
beam? Much attention was given to this question in the British
literature, (14,42) but no consensus of opinion was found. The problem
is said to exist when the tensile strength at the level of the inter-
face is greater in the precast prestressed beam than in the slab con-
crete and that, despite this fact, no earlier cracking is apparent in
the slab than in the beam at the contact surface level. This apparent
postponement of the slab cracking is assumed to be due to a so-called
restraining action of the beam concrete on the slab concrete. Differ-
ent factors should be noted at this point:
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1) In the prestressed beams of this series as in
most bridge members, the cross-sectional pro-
perties are such that the neutral fiber is in
the slab only fJJhen the loading on the beam is
large, that is, towards ultimate capacity.
2) Even when the neutral fiber is above the joint,
the beam concrete cannot always restrain the slab
concrete because of the initia~ tension in the
top of some prestressed beams.
After a study of the cracking development, it appears that
.if the diagonal tension cracks reach the joint they follow it as a
plane of weakness and generally do not go into the slab. In all
cases, for the type of beams studied here, the beam cracking always
reached the joint before any cracks were observed in the slab; and
by then the slab cracking was of small importance.
4.3.9 Distribution of Longitudinal Strain in the Slab
Longitudinal' strain readings were recorded throughout the
width of some slabs in order to check if their entire width was
equally effective. Readings were taken on the bottom, the sides and
the top of the slab. The strain readings on the sides and the bottom
of the slab were not useful due to their smallness; in addition they
were erratic due to the movement of the composite beam neutral fiber
which is initially below the interface and later moves into the slab.
As a result, these readings will be disregarded and the attention
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given to the strain readings taken at different loads on the top of the
slab.
For the small-sized beams, the results indicated a complete
effectiveness of the lS-in. slab and an equal action of the slab
throughout the width at all positions along the length. The two full-
sized prestressed beams, 9.1 and 9.2, showed a more variable strain
distribution.
The strain readings across the top of the slab centerline of
beams 9.1 and 9.2 were taken at six and seven positions respectively.
Except for some inequalities, which could be due to the errors of
readings and to a certain eccentricity of the loading, the strain
readings can be considered equal throughout the width at every load
increment as indicated in Fig. 41. Therefore it can be said that
the slab is equally effective throughout its width at any load.
Results which were in cross-sections located close to the
ends of the beams are shown in Fig. 42. However, the lack of preci-
sion in the measurements, the smallness of the strain readings, and
possibly other reasons had the effect of making. the strain distribu-
tion unequal.
An important difference occurred for the strain readings at
cross-sections near the quarterpoints of the beams. Figures 43 and 44
give some typical strain curves on the top of the beam as the load
progresses. For beam 9.2, the strain readings begin to be greater at
the slab edges than in the middle when the .nominal joint shear stresses
reached about 400 psi, which corresponds to a maximum slip of about
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
-90-
O.OOS-in. If, at each stage of loading, the difference is made between
the maximum and the minimum strain readings in one cross-section, any
new difference at a higher load is greater. In other words, the in-
equality of the strain readings increases with increased loading.
Figures 43 and 44 give also the strain distribution at points closer
to the support points while such figures seem to be less characteristic,
they still tend to support the previous results. The strain in the slab
width seemed to increase faster at the slab edge when the load reached
a shear stress in the joint slightly above sao psi. This again is when
the slip reached O.OOS-in. in one of the two shear spans.
Since the number of test beams was very small and the read-
ings were somewhat inconsistent, no important conclusion can be
derived. The results however, prove the validity of the assumption
that all of the slab width was effective as assumed throughout this
study. The interest of the results is in the apparent concurrence
between a certain amount of slip in the, joint and the appearance of
an unequal strain distribution on the top of the slab. This concurr-
ence seems to hold both in terms of loading and position along the
. joint. For a very large slab, the joint damage tends to unload that
part of the slab which is directly above the cracked interface, possibly
due to the separation forces. Even if this is true, it does not appear
to be of great significance when it is noted that all of this happened
during the static test to failure at loads well above the maximum fati-
gue loads.
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4.3.10 Relation Between Joint Strength and Repeated Loading
The results will be discussed now in relation with the fatigue
loading. From Table 19 it is apparent that the slip, a measure of joint
damage, did not increase as much in the second half of the fatigue test
as in the first half~ Near 2,000,000 cycles, none of the fatigue beams
displayed any additional joint damage. This seems to indicate that the
arbitrary chosen number of 2,000,000 cycles of loading was sufficient.
The small number of beams and the continuous variation of the loading
however, made it impossible to establish any basic relationship let
alone S-N curves. As discussed earlier, no attempt was made to
differentiate between the effect of the maximum" fatigue load and the
effect of the range between the minimum and maximum fatigue loads.
The minimum load and thus the load range was at a nearly constant
ratio to the maximum load for most beams as seen in Table 14. The
minimum load was small for all beams and its beneficial influence
on the joint strength was thought to be negligibl~. When the load is
moving on the girder, the joint reinforcement must be designed for
each possible joint segment according to the most unfavorable inter-
face condition in this segment considering both the shear and the
aid ratio. In this case the absolute sum of the maximum and minimum
possible shear forces at a cross-section remains almost equal through-
out the length of the beam. This sum is governing for design.
4.3.11 Review of the Factors of Joint Shear Strength
Three components can explain the strength of the joint, the
natural bond and the joint reinforcement both studied in this investiga-
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tion, and the friction not considered in this study.
The natural bond depends on the type of finish at the inter-
face and on the aid ratio. It is maximum before loading and decreases
as the load increases. The available strength for bond decreases as
the joint damage increases since the joint section fails after the
stress reached the joint capacity. The natural bond is more or less
proportional to the area of the uncracked joint. In some tests the
natural bond was eliminated completely, at least in one of the two
shear spans.
The steel reinforcement is effective in restraining the
joint only when there is some deformation at the contact surface.
The ties are ductile and can develop some force only if a certain
displacement is possible. The larger part of this deformation comes
into effect only when cracking and slip develop, thus the proportion
of load carried by joint steel increases with increasin& joint damage.
As a result, the effective shear force transferred at the joint by the
ties is very small as long as neither slip nor cracking has developed.
The full reinforcing potential of the ties is developed only when the
natural bond is completely destroyed.
The friction factor exists only when the load is applied on
the top of the slab. It replaces partially the natural bond strength
wherever this is destroyed. For the same load on the beam, the friction
force do~s not depend on the joint area but the friction stress does
and decreases when the contact area and the aid ratio increases. The
strength due to friction is difficult to determine. For the type of
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
-93-
loading used in this test series, it reached, at most, 15 percent of the
nominal shear stress. Actually friction is negligible before and at the
joint failure as defined in this study and would be important only just
before complete joint failure.
As a result of this discussion it is apparent that one cannot
superimpose the shear capacity of the natural bond, of the reinforcement,
and of the friction.
Figure 45 helps to understand the development of internal
forces and stresses which go with the cracking of the joint. When the
joint is broken over a certain length from cross-section A to cross-
section B, the internal moment is different at both cross-sections and
therefore the tension force in the bottom steel bars must be larger at
B than at A; but in the cracked joint portion, between the cross-sections
at A and B, there is' no tangential shear transfer, thus an additional
horizontal compression force cannot be developed in the slab and must
develop below the joint in the precast beam. This compression force
and the additional tension force in the bars make a couple in equilibrium
with the additional external bending moment.
Three cross-sections will be considered now:
- cross-section A at the root of the joint cracking
- cross-section Bl just before the end of the joint cracking
- cross-section B2 just after the end of the joint cracking
toward the middle of the beam.
Six free bodies shown in Fig. 45, are considered now. The free body,
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No.1, is a portion of the slab limited by A and Bl . The free body,
No. Z, is a portion of the precast beam limited by A and Bl . The free
body, No.3, is a portion of the 'composite beam limited by A and B1 .
The free body, No.4, is a portion of the slab limited by A and BZ.
The free body, No.5, is a portion of the precast beam limited by A
and B2 . The free body, No.6, is a portion of the composite beam
limited by A and BZ•
The forces acting on the free bodies represented the only
possibility of satisfying all the equilibrium conditions. In Fig. 45
the forces are given approximately to scale. The forces acting at
cross-section A are the usual forces acting when the joint is not
cracked. C is the compression force in the slab and D the compression
o 0
force in the precast beam above the neutral axis of the composite beam.
T is the tension force in the steel bars. V and V are the shear
000
forces. At cross-section Bl because of the greater external bending
moment, an additional couple is added in the precast beam which com-
prises the forces Dl and part of the force Tl ., In addition, the verti-
cal shear forces are changed and a separation force, 8 1 , appears. At
cross-section B2 the forces are similar to the forces at cross-section
Bl with the only difference that the horizontal joint shear force V
results in Cz > Cl ' DZ < Dl , TZ < T1 , Vz < VI and V2 < VI. Each one of
the forces acting at cross-section B2 is intermediate between the value
which it would reach if the joint would not be cracked between A and B2
and the value which it would reach if the joint would be cracked com-
pletely between A and BZ. Two features of the above set of forces merit
examination. First, after the cracking has formed, the part of the joint
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located between the joint cracking and the load point is the only part
which is able to transf~r the shear force carried earlier by the natural
bond now destroyed by the occurrence of the crack. Since the equilibrium
conditions have to be retained, the part of the joint located between the
joint cracking and the support cannot take any additional shear transfer.
The analysis does not allow one to say, however, how the additional shear
which has to be transferred is distributed between the crack and the load
point. Thi.s additional force however, is likely to strain the remaining
natural bond above its strength and thus to precipitate furth~r cracking.
The second feature is the vertical tension force which acts
between the beam and the slab in the cracked region nearest the load
point. In this region there is a tendency to separate the slab from
the beam. If there are any stirrups in this region they will be
subjected to a tension force. If there are no stirrups in this region
the joint cracking tends to increase.
From another viewpoint, the additional flexural moment which
develops in the precast beam segment under the cracked joint can be
seen as a redistribution of the flexural moment. This redistribution
causes not only an increase of moment but also of vertical shear force
in the precast beam. When the cracking develops close to the load
point, the neutral axis of the composite beam is generally near the
joint. Due to the cracking there is then a concentration of shear
force at the end of the crack nearer the middle of the beam. At the
limit of the.puremoment region, this force produces a horizontal ten-
sion force in the slab and a horizontal compression force at the top
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of the beam. The tension force in the slab can exist only within the
limit of the tensile strength of the slab concrete due to the position
of the neutral axis at this stage. If part of this concentrated shear
force is transferred in the middle region, it means that the joint is
stresses in the pure moment region where a first order analysis does
not indicate any stress. The testing results confirmed these theoreti-
cal considerations: when the joint cracking progressed toward the load
point, joint slip was actually recorded in the pure moment region.
-97-
1) The actual potential strength at the interface due
to natural bond and reinforcement
A difficulty arises concerning the definition of a conserva-
tive formula for fatigue strength under fatigue loading considering that
there were never more than two beams completely similar in this test
It appears at this point that no theoretical relation can be
found between the actual joint strength and its contributing factors.
The joint failure cannot, as a result, be predicted theoretically as
the joint strength depends on an unknown combination of two factors:
S T R ENG T HJ 0 I N TPRE D I C TED5.
2) The possibility of diagonal cracking developing in.
the vicinity of the joint and the inclination of
these cracks
It appears that the joint cracking is initiated by the diagonal ten-
sion cracking and that the crack propagation at the interface depends
on the roughness of the contact surface and the amount of joint re-
inforcement. It was proved by this test series that fatigue loading
has a definite weakening action on the joint. This weakening action
varies largely with the kind of joint and with the magnitude of the
fatigue stress itself. Therefore the extreme complexity of the
problem allows at that point, only empirical relations expressing the
joint strength to be developed on the basis of the test results.
5.1 GENERAL CONSIDERATIONS
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series. This is especially true for the types of joints encountered in
the test beams which experienced no fatigue joint failure. If the
joint failed in the subsequent static test to failure, as it did in
most cases, it is impossible to say what higher fatigue loading would
have caused failure before 2,000,000 cycles of loading. This is
especially true because of the fact that there is only a small differ-
ence between the load which does not damage the joint in fatigue and
the load which produces joint failure during the first part of the
fatigue test. Even when the joint fails in fatigue, the impossibility
of plotting S-N curves makes it difficult to predict how much lower the
fatigue loading should have been in order to obtain a failure at about
2,000,000 cycles of loading.
When the joint failed under a static load considerably higher
than the maximum load used in the previous fatigue test, the joint
stress during the fatigue loading was certainly below the joint fatigue
shear strength. However, if one wants to recommend for the joint strength
or rather for the joint allowable ultimate stress only values which have
been proved to be conservative, one has to disregard all of the addi-
tional strength which remained in the joint at the end of the fatigue
test. To accept any higher joint strength would only be unfounded.
Additional testing would be necessary to obtain a less conservative
formula giving the strength rather than an allowable ultimate stress.
An empirical equation giving a conservative value for the
admissible shear stress of the different types of joints tested in this
series is developed now. The type of equation proposed for the natural
I
I
I
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bond strength, in the Wisconsin report:
I v
x
y + aid
I
I
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was used because it be$t .. expresses the knowledge for joints under
static loading and it relates the joint strength to the aid ratio in
a somewhat adequate way. On the basis of the Wisconsin equation and
by a trial and error process, equations were developed which best fit
the test results. The roughness of the contact surface being a govern-
ing condition, two different relations are given, one for beams with a
rough finish and another one for the joint strength of beams with an
intermediate surface finish.
The joint strength depends on natural bond and joint re-
inforcement. The desired equations, therefore, consist of two terms,
one based on the reinforcement and the other on the natural bond.
According to the test results in Section 4.3.2, the shear transfer
effected by th~-ties is independent of the kind of finish and the
aid ratio if the joint damag~ is equivalent in all the beams com-
pared with each other. The influence of the reinforcement on the
joint strength is proportional to its area, at least in the limits
of this test series. At the joint stress level reached for each beam
under the maximum fatigue loading, each square inch of joint reinforce-
ment seems to carry 20,000 lb or more while at the time of failure it
transfers more than 25,000 lb of shear. This increase is in line with
the fact that the steel effectiveness increases with the joint damage.
At maximum fatigue load the steel carries less than at joint failure
because there is less joint damage. After Some trials with different
I
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I
values, the 20,000 psi shear transfer seemed to best fit the test re-
sults. This 20,000 psi corresponds to an additional joint strength
I 200 times larger than the percent, P, of joint reinforcement. Thisvalue of 200 P is an empirical and conservative value which could prob-
I ably be increased after additional tests. Of course, the 'reinforcement
I
at the joint level should be checked against shear and diagonal tension
and should not be less than the reinforcement necessary in a similar but
I monolithic beam. Therefore the equations for allowable shear stressesshould be of the type
I v x Id + 200 Py + a
I The joint strength due to the natural bond depends on the
I
I
aid ratio, but based on the current tests the aid ratio influence is
not as large as suggested in the Wisconsin report.
I 5.2 ROUGH JOINT
I
I
Since none of the twelve rough joints were considered to
have failed at the end of the repeated loading, it is not possible
to obtain an equation expressing the actual fatigue shear strength
I
of the joint. This equation will probably be obtained only when more
tests have been conducted and S-N curves have been established.
I According to Section 5.1, an equation for an allowable ultimate stress
should be of the form
x
y + aid + 200 Pv =I
I
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with x and y as unknown quantities. In order to have the equation
substantiated by the test series it should give values of admissible
joint shear stress which have been proven low enough to support at
least 2,000,000 cycles of repeated loading. Nine beams with a rough
finish failed in the joint during the static test to failure which was
conducted after the fatigue loading was completed. The shear transfer
at the joint was made by both the joint reinforcement and the natural
bond. The part of the shear force transmitted by the reinforcement
has been seem to amount to 200 P or 20,000 lb for each sq in. of joint
reinforcement. In order to evaluate that part of the joint stress
carried by the natural bond, the stress carried by the reinforcement
was deducted from the maximum fatigue stress. Then the equation
I v
x
y + aid
I
I
I
was chosen to be a lower bound for eight of these nine values. The
reason for keeping the proposed allowable ultimate stress value above
the test maximum fatigue stress value for the ninth beam, 4.5, is
given below.
The natural allowable bond stress that 'best fitted the
Th~~efore, the total allowable joint stress was found to be
eight test values considered was found to be given by the equation
3500
v = 11 + aid + 200 P.
I
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I
v =
3500
11 + aid
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Thus for eight of the nine considered beams the fatigue test was run
with a maximum joint stress equal to or higher than the allowable joint
stress as given above.
Table 24 and Fig. 46 show the proposed strengths for each one
of the twelve rough jointed fatigue beams and compare it with the actual
maximum fatigue stress and the joint failure load. Of the nine beams
with a joint failure, eight had a high enough fatigue load to prove that
the proposed equation is adequately conservative. These eight joints
failed in a subsequent static test at loads 1.75 to 2.22 times the proposed
joint strength, the average being 1.90 times the proposed strength. In
other words, the joints failed at a static shear stress on an average of
90 percent above their respective proposed fatigue strength. This indi-
cates that the proposed equation is conservative, possibly very conserva-
tive. The average stress in the same eight joints at beam failure was
126 percent above the average joint strength. The fatigue test with
beam 4.5 was run at a maximum stress of only 86 percent of the proposed
joint strength, however, this beam failed at the interface, in the subse-
quent static test, with a joint stress 2.28 times larger than the pro-
posed joint strength. As a result and due also to the higher fatigue
load on the similar beam 9.1, one can say that if beam 4.5 does not prove
the proposed equation it certainly does not disprove it.
5.3 INTERMEDIATE JOINTS
The problem of proposing an equation for the allowable stress
I
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in joints with an intermediate contact finish is more difficult. Only
I seven such beams failed in the joint, and of those seven, four failedbefore the end of the fatigue testing. Thus the basis for justifying
I
I
an equation is limited. The scatter of the test results in general
is larger for the intermediate joints than for the rough joints. There
are no indications however, of an unequal influence of the aid ratio on
I
the bond strength for these two kinds of joints, the difference only
being in the intensity of the bond strength.
I The proposed empirical equation was chosen as
2000
v = 11 + aid + 200 PI
I Figure 47 and Table 23 allow comparisons of this proposed equation
with the different test results. Joints 1.6 and 1.8 failed before
I the end of the cyclic loading but at 'loads 27 percent and 58 percent
I
above their respective strength as derived from the proposed equation.
For the seven beams which failed at the interface the average joint
I stress at failure was equal to more than 1.79 times the average proposedjoint' allowable stress. This means at least 79 percent of reserve for
I a static loading above the proposed equation for intermediate joint
I
fatigue strength. This should assure that a fatigue maximum stress
limited by the proposed equation would never bring the joints to fail-
I ure before 2,000,000 cycles or repeated loading. In other words ifthe maximum fatigue stress for beams 1.6 and 1.8 would have been kept
I
I
below the proposed strengths of 182 psi and 135 psi respectively, it
is believed that no joint failure would have occurred before the subse-
quent static test' to failure.
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Ratios of joint stress at joint and beam failure to proposed
joint strength are given in Tables 23 and 24. If the average ratios
are obtained respectively for the nine beams with rough joints and
joint failure and for the seven beams with intermediate joints and
joint failure it appears that the joints failed, mostly during static
tests, at stresses respectively 94 percent and 79 percent above the
average proposed strengths for rough and intermediate joints. It
appears also that the same beams failed at joint stresses respectively
133 percent and 183 percent above the average proposed strengths for
rough and intermediate joints. Therefore both at joint and at beam
failures it seems, that the two proposed equations are safe to about
the same degree. Actually the proposed equation for the strength of
intermediate joints was chosen such as to bring this 79 percent safety
against static joint failure not too far from the 94 percent proven to
be conservative for the rough joints. The 79 percent was accepted
lower than the 94 percent because at beam failure the corresponding
183 percent was higher than the 133 percent.
In summary, it is proposed here that
be taken as expressing the maximum fatigue strength of a rough joint,
I
I
I
I
and
v
v
3500 + 200 P
11 + aid
2000
11 + aid + 200 P
I
I
the maximum fatigue strength of an intermediate joint. These values
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are certainly on the conservative side and it is possible that another
investigation would give enough information to increase these allow-
ab le stresses ..
5.4 DISCUSSION
2) A lesser number of bars makes it easier to fabri-
cate the beam and finish the contact surface.
3) Large bars apply more pressure on the surrounding
concrete, crushing it and therefore deforming earlier.
While this can be seen as a disadvantage, it also has
the advantage of transferring more of the shear force
and thus leaving less of the shear force to be trans-
mitted by the. natural bond.
The advantages of having small-sized ties are as follows:
1) A larger number of ties means less spacing and thus
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a better chance that the joint cracking initiated
by the diagonal tension would be stopped earlier.
2) The stirrup applies less pressure on the surround-
ing concrete resulting in less crushing. This has
been seen above as a possible disadvantage from the
standpoint of shear transfer distribution. However,
the joint damage may be governing and therefore the
subsequent concrete crushing may be of greater ad-
vantage than a better shear transfer.
3) The possibility of a sizeable separation leading to
extensive joint damage by freezing, thawing and by
subsequent exposure of the ties is less likely.
4) For very shallow slabs, the possibility of a slab
buckling is also avoided.
5) Smaller ties need less anchorage length, both in
the slab and the beam. This is important if some
of the ties are put in the beam after the concrete
has been completely placed and partially vibrated
as it is too often done. This is particularly
important for beams under repeated loading.
In conclusion, a larger number of smaller stirrups is definitely
better in delaying the first joint damage and beneficial at what
has been defined in this study as joint failure. However, if the
joint is allowed to carry shear stresses higher than the shear
-106-
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strength as defined here, and if some loss of the composite action and
redistribution of moments is accepted, then some of the advantages of
smaller ties are lost. Smaller ties could possibly be of disadvantage.
These are only assumptions since no tests were run to substantiate them.
Static test results concerning this question are believed to be applic-
able, qualitatively at least, for beams under cyclic loading. This con-
clusion is drawn after witnessing and studying many joint failures.
The use of bent up bars, crossing the joint diagonally instead
of vertically is quite possible. No tests were run to compare this
efficiency with that of vertical ties. However, it is felt that their
strengthening action is rather poor due to their less effective embed-
ment in the concrete.
The anchorage length of the ties in both the beam and the
slab was not a variable as it is not usually a problem. This is
particularly true if the load, as in bridges, is on the top of the
slab. In the critical case where a separation tends to develop and
the concrete around the ties is crushed because of a certain slip, it
is very beneficial to have a long anchorage. According to the ACI
Specification, a No. 4 bar needs at least l2-in. to transmit its total
force. Since this length is rarely available in a slab, it is
strongly recommended that the tie be hooked or extended into the slab,
making the joint steel more efficient against cracking, separation, and
failure. It is emphasized however, that no test was conducted to sub-
stantiate this recommendation.
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The distribution of the stirrups in the shear spans was not
varied in this test series, and as a result, the fatigue test series
was not comprehensive enough to allow any specific recommendation con-
cerning an optimum spacing of the ties. This entire study was based
on equal spacing of the ties in the shear span and no ties outside of
the shear span. It is felt, however, that a certain concentration of
the stirrups in the region of the first cracking, or at about 2/3 of
the shear span from the support, would be beneficial. However, if one
heavy load moves on the structure the closer spacing will be needed
toward the ends of the beam. Also it is felt that the last tie should
be close to the support. This is an addition to the end reinforcement
that has been deemed necessary to carry the concentrated end shear force
as given in Section 2.4.
The beams tested had an amount of web reinforcement over-
designed to avoid failure in the web before failure in the joint.
Thus they did not correspond exactly to an actual beam design where
all parts are designed to fail at the same load. However, it is known
that the amount of web reinforcement does not greatly influence the
formation and progression of the diagonal tens.ion cracks. Therefore
this heavy reinforcement does not materially influence the joint
cracking.
5.4.2 Discussion of the Joint Surface Finish
The same desired strength may be obtained with either a rough
surface or with an intermediate finish and more reinforcement. The
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tests indicated what kind of effects the choice will have both before
and after the joint failure. A rough joint will crack and slip at a
later stage, but then the cracks will develop further because of the
lesser amount of steel. Since it requires less reinforcement a rough
joint is easier to finish than an intermediate one. On the other hand,
additional steel will be more effective in case of a possible overload.
5.4.3 Applicability of the Results of this Study
The complexity of fatigue studies on concrete composite beams
is such that the test results should be used for designing beams of
similar proportions to the beams of this test series. In particular
the ratios of the joint width to the beam depth and to the web width
should not be too different from the ratios used in this test series.
However, it is possible that after completion of further tests, the
results obtained in this series could be generalized for different
kinds of beams and joints.
The tests with the full-sized prestressed beams yielded very
consistent results as compared to the tests on the small-sized con-
ventionally reinforced beams. The best comparisons can be made for
similar beams such as beams 2.5 and 9.2 or beams 2.5, 9.1, and 4.5 in
Tables 16 and 18 or in Fig. 36. As can be seen, cracking, joint damage,
and slip readings are very consistent and independent of the size of
beam except for the slip far beyond joint failure and near beam fail-
ure. Close to beam failure, the slip in the full-sized beams develops
much more ,than in "the: small-sized beams .. This can be explained simply
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by the much longer joint cracking which can develop in a longer beam.
This is, however, of no importance because the heavy joint cracking
It is not surprising to find that the joint strength due to
natural bond and reinforcement develop in the same way for the small-
sized and large-sized beams. However, it was not certain before testing
that the strength continues to depend on the aid ratio in a similar
manner despite the change in size and despite the variations of dia-
gonal tension patterns due to the introduction of a prestress force.
This consistency in the influence of the aid ratio confirms the assump-
tion made in using small-sized reinforced beams for this test series,
namely that the results are also applicable for full-sized prestressed
beams. This is due to the similar pattern of diagonal cracking for
both types of beams when the cracks reach the joint.
A reversal of joint shear stresses could have been introduced
in this test series. If a concentrated load rolls on a simply supported
beam, for example, the joint shear stress may change its direction.
This reversal of stresses is most severe for the joint but was not
included in the test series discussed here. What criterion should
be used for the joint design under this condition? It is felt that
the sum of the absolute values of both the maximum and the minimum
live load stresses, when they are opposite in sense, and of the
joint shear stress due to the dead load should be smaller than the
shear strength as given in this study or in specifications. Accord-
ing to the general experience with fatigue this procedure is conserva-
long after what has been defined as joint failure.occurs
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tive, possibly too conservative. The reported tests are too limited
to allow the formulation of a less conservative rule.
5.4.4 Comparisons of Proposed Strength with Other Specified or
Proposed Strengths
The proposed equations give a maximum allowable stress of
for the natural bond of intermediate and rough joints respectively.
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and
v =
v =
2000
11 + aid
3500
11 + aid
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This corresponds to stresses from 106 to 257 psi for the beams of this
series. It may be of Some interest to compare this with the bond stress
between concrete and prestress tendons which varies statically between
about 275 to 425 psi.
The tie action against shear of 200 P or 20,000 psi is above
the 17,500 psi given by Hanson; this is due to the slightly higher
amount of joint damage allowed in this test series and the resulting
higher reinforcement effectiveness. This tie action is in the range
of ,the varying values proposed by Saemann and Washa which go from
6900 psi to 33,900 psi for the beams tested for this study. The AASHO
Specifications require a minimum amount of steel but do not accept any
joint strength improvement with additional ties. The 20,000 psi com-
pares with the 14,200 psi allowed by the.ACI Code,at ultimate static
load. Therefore the constant value proposed not only fits the test
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
-112-
data but is an intermediate one between different previous recommenda-
tions.
If one compares the complete proposed equations including
the strength due to reinforcement and natural bond, with the Wisconsin,
AASHO, and ACI recommendations, as done in Table 25 and Figs. 48 and
49, one can draw some obvious conclusions:
1) The aid influence is intermediate between the heavy
influence found in the Wisconsin tests and no
influence in both ACI and AASHO Codes.
2) The proposed equations give strengths close to
the ones of the AASHO Codes. Some are more con-
servative but most are less conservative. The
cases where t,heproposed strength is less conserva-
tive than the AASHO strength are those with rather
smal'l steel percentages. However, such small per-
centages are unlikely to be found as long as the
present AASHO Code is used for designing the shear
reinforcement in the precast beam and as long as
the article specifying that all the shear reinforce-
ment in the precast beam go through the joint is main-
tained. The AASHO Specifications for the joint could
become very unconservative, however, if the require-
ment for the shear reinforcement is reduced as likely
to happen. For the time being, however, the AASHO
Specifications for the joint are equivalent or more
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conservative than the proposed equations. The
ACI Code is less conservative than the proposed
equation, when aid is larger than 2.0, but the
ACI Codes does not provide for fatigue loading.
Table 26 furnishes another kind of comparison for all beams
of the test series. It shows their flexural capacity in terms of nominal
shear stresses for the load application used in the test series. The
capacity was determined for the composite beam by both the ACI and
AASHO Codes. For short beams with a weak joint, the interface seems
c~itical. If a working load for the joint is defined using only a
low safety factor toward ultimate load as is usual in fatigue design,
even more beams would be critical in the joint. Among the large'
variety of composite beam types used in bridge construction, many
types lead to critical joints. It should be noted that four beams
reached O.OOS-in. of slip at a load below the AASHO working load.
-114-
...
The beams were simply supported and the concentrated loading
was symmetrically applied at two points. The horizontal joint shear
The objective of this study was the investigation of the
shear strength in the joint concrete composite beams under repeated
loading. Attention was given primarily to beams with a joint width
equal to about a third of the effective depth of the composite beam.
Twenty-three fa'tigue tests were conducted to evaluate the effect of
variation in the amount of joint reinforcement, in the ratio of the
shear span to effective depth, in the contact surface finish, and in
the beam size. Six auxiliary beams were also tested which made a total
of twenty-nine beams. All except three of the test beams were identical
to the composite beams tested statically at the University of Wisconsin.
The remaining three test beams were full-sized standard bridge beams.
All the beams were fabricated to be representative of composite beams
used in bridge construction. The three full-sized beams were the only
ones which were prestressed. Two joint surface conditions were used
leading to intermediate and rough contact surface finishes. The ratio
of shear span to effective depth was varied between 2.57 and 7.71. The
percentage of joint steel ranged between 0.14 percent and 0.52 percent
for all twenty-eight beams with a narrow joint. The full-sized box-
beam had 0.05 percent reinforcement.
CON C L U S ION SANDSUM MAR Y6.
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stress due to the live loads was equal in the two shear spans. There
was no shear stress due to live loads in the non-reinforced but
roughened joint surface between the two load points. The loading
was varied between a minimum and a maximum value and was applied
2,000,000 times at a rate of 250 cycles a minute provided the beam
did not fail from a lesser number of cycles of load. The beams were
subjected to static tests before and periodically during the fatigue
testing. The beams which did not fail during this testing were then
loaded statically to failure·. In some of the beams the joint was
broken during the fatigue test, or during the subsequent static test
to failure. However, in other beams the joint was not broken, even
at beam failure.
Recordings were made on each beam for the slip, deflection,
strain, and cracking developments. As a result of this investigation,
the following conclusions can be made:
1) The joint cracking and therefore the loss of composite
action were initiated by the diagonal tension cracking
of the precast beam.
2) The joint cracking started for most beams at a
section located at about two-thirds of the shear
span measured from the support. The joint crack
progressed toward the load points but new cracks
appeared closer and closer to the support.
3) The slip readings consistently confirmed the crack-
ing observations and gave the most refined way of
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judging the joint damage and therefore, the joint
strength.
4) Roughening of the joint contact surface was very
beneficial to the fatigue joint strength. Rough
joints were much stronger than intermediate joints.
5) The influence of joint reinforcement on the fatigue
joint strength was directly proportional to the
amount of reinforcement.
6) The aid ratio had a definite influence on the fatigue
strength of the joint. Beams with a higher aid ratio
had a weaker joint strength due to the difference of
cracking in the precast beam.
7) The size of the beams did not influence the joint
strength as long as the aid ratio remained the same.
On the basis of these results, conservative equations, as
functions of the amount of joint reinforcement and of the aid ratio,
are given to determine an allowable joint fatigue stress for beams
with a joint width not larger than one third of the composite beam
effective depth. The allowable shear stress in a joint with inter-
mediate finish is given by the equation
I v = 200011 + aid + 200 P
I
I
I
The allowable shear stress in a joint with rough finish is given by the
equation
3500
v = 11 + aid + 200 P
I
I
I
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Due to the limited number of beams tested and the fact that
it was the first known fatigue test series of this type, it was not
possible to obtain the actual joint strength but merely a conserva-
tive allowable ultimate stress, In order to obtain the joint strength,
additional research will be necessary to determine the endurance limit
of the various types of joints. Since the influence on the joint crack-
ing of the diagonal tension cracking is important, much emphasis should
be given in designing beams to obtain diagonal tension stresses com-
parable, i.n the joint region, with those occurring in bridge members.
Some research should be conducted to study the strength of wide
joints, that is, joints with a ratio of joint wi.dth b to effective
depth d larger than one third. The critical differential shrinkage
action on the joint was not studied here but has been seen to be
important and may be critical. Some additional research may be
necessary to investigate this point.
I
I
I
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7. NOM ENe L A T U R E
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
a
A
cc
A
cp
A
cs
A
s
b
d
E
c
f'
c
f'
t
I
M
n
N
Q
p
v
v
shear span or distance from support to first live load point
gross area of concrete section of composite beam
gross area of concrete section of precast beam
gross area of concrete section of slab
area of tension reinforcement
width of area of contact between precast and cast-in-place
concretes
distance from extreme compression fiber of the slab to
centroid of tension reinforcement or to centroid of
prestressing force
Young's modulus or modulus of elasticity of concrete
compressive strength of concrete at test date
tensile strength of concrete at test date
moment of inertia of the transformed composite section
neglecting area of concrete in 'tension
bending moment
ratio of modulus of elasticity of steel to that of concrete
number of cycles of repeated loading
statical moment of the transformed area outside of the
contact surface about the elastic neutral axis of the
composite section
percent of steel across the joint in the shear spans
total shear force
horizontal shear stress along contact surface
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I
v
max
v .
m~n
vprop
v
range
v
u
v
uc
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nominal joint shear stress when the maximum slip reading
reaches O.OOS-in. for the first time
horizontal joint shear strength according to the ACt Code
nominal joint shear stress when cracking was first
observed in the joint
nominal joint shear stress at joint failure
horizontal joint shear stress at load equal to the
flexural load on the composite beam according to
ACI or AASHO Codes
maximum nominal joint shear stress used in fatigue loading
minimum nominal joint shear stress used in fatigue loading
horizontal joint shear strength according to the PCA study
horizontal joint shear strength according to the proposed
equations of this study
v - v
max min
\
nominal joint shear stress at ultimate load
nominal joint shear stress when the bending moment reaches
the computed flexural capacity of the beam according to
the AASHO Code
horizontal joint shear strength according to the proposed
Wisconsin equation
nominal joint shear stress when the loading reaches the
working load in bending according to the ACI or AASHO Codes
additional joint shear strength of the stronger of the two
beams
distance from bottom fiber to neutral axis of the composite
beam in an elastic analysis
distance from bottom fiber to neutral axis of the composite
beam in an ultimate analysis
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7.2 GLOSSARY
Steel Composite Beam:
Concrete Composite Beam:
Natural Bond:
Joint Interface:
Intermediate Surface Finish:
Rough Surface Finish:
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peam consisting of a steel beam
and a cast-in~place slab
beam consisting of a precast concrete
beam and a cast-in-place slab
shear strength of the joint due to the
bond between the two concretes includ-
ing the strength due to the roughening
of the contact surface
contact surface of the beam and the slab
liS-in. deep depressions at the top
surface of the precast beam
l/4-in. to 3/S-in. deep depressions at
the top surface of the precast beam
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As previously mentioned, only one box-beam was tested,
beam 9.3, and the test results are tabulated together with those of
the other beams. Since no conclusion or recommendation can be based
on a single test, the discussion wi n be limited to indications which
could be useful in designing a test series with box-beam composite
members. The size of a composite beam was seen to have little in-
fluence on the joint strength, the shape appears however, to have
considerable importance. The test results for the box-beam differ
widely from the test results for th'e twenty-two other fatigue beams.
. The joint is much larger than the box-beam webs but only part of the
joint seems to be active. This was confirmed after beam failure when
the beam was broken apart. The cracking which had been apparent
ext~nally did not extend throughout the width of the joint but only
to about the width indicated in Fig. 50. In other words, the effec-
tive joint width was limited to zones, above the precast beam webs.
The width of the effective joint width is likely to depend on the
web width, the joint width, the flange thickness, the distribution
of the reinforcing ties, and the shear span. Based on this single
test it seems that if an effective joint width of about l2-in. or
ls-in. would have been used for the computations instead of the
actual width of 36-in., the test results would be much more in line
I
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8.1 BOX-BEAM TEST RESULTS
APPENDIX
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with the test results for the other beams. Incidently l2-in. to l5-in.
is the width of the joint damage found after breaking up the beam. As
mentioned before, a single test does not allow any conclusions to be
derived.
The deflection readings taken at quarterpoints under both
webs did not indicate any torsion. The longitudinal strain distribu-
tion throughout the top of the slab is given in Figs. 51 and 52.
There is a tendency to have less strain in the part of the slab located
above the joint. While the different sets of readings for this single
beam are consistent with each other, no explanation for the top slab
strain distribution has been found and some more similar beams will
have to be tested in order to permit a more positive conclusion.
The results of any additional research, however, would be more of
academic interest than of any practical value.
8.2 DIFFERENTIAL SHRINKAGE
The question of the differential shrinkage was not a principal
objective of this study. As has been discussed in Section ·2.4, the joint
stresses due to loading are generally unrelated to the joint stresses
due to differential shrinkage and both kinds of stresses do not gener-
ally act in the same section of the joint. Since differential shrinkage
is an important topic some information was collected when the opportunity
was provided. The three full-sized beams were instrumented in order to
record the strain movement in the precast beam and in the slab. The
I
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slabs were placed on the three different beams, 9.1, 9.3, and 9.2,
seven, eleven, and thirty~one days, respectively, after each beam
had been fabricated. This was done in order to obtain a smaller
difference in shrinkage when the slab was placed seven days after
the beam and a larger difference in shrinkage when the slab was
placed one month after the beam was fabricated. The reinforcement
in the slab was comparable to what is usual in actual bridge decks
in order not to influence the shrinkage in a different way than in
actual cases.
The first important observation made is that no cracking
was observed in the joint or in the slab in any of the beams before
loading. Although differential shrinkage has been said to have been
sufficient in some actual structures to cause extensive joint damage,
this was definitely not the case for the three beams under considera-
tion despite the fact that they were full-sized prestressed duplica-
tions of actual bridge members. This difference between the test
beams and the most critical bridge members shows that these tests
may not have met the most unfavorable conditions. The three beams
were stored in the plant at Schuylkill Products, Inc. prior to test-
ing. The average room temperature was 400 F and the relative humidity
was. close to 100 percent. Under these conditions the shrinkage is
usually very small and thus the crucial difference of shrinkage rates
between the beam and the slab is small. When the differential shrink-
age is small, the resulting beam curvature is small and the strain
readings low and therefore very sensitive to pre:cisionof measuring
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and instrumentation. For each beam the strain readings were taken two
to three times a week, between the releasing of the prestress force in
the precast beam and the start of the testing. The strain readings
were taken at eight or nine different levels depending on the composite
beam tested and at varied locations along the beam length. According
to the theoretical considerations presented in Section 2.4, the strain
distribution should be found constant throughout the beam length except
for two short segments at both ends. Figure 4 gives the plot of strain
readings according to the theoretical study.
The readings indicated a shrinkage of about 0.00007 which is
below the usual 0~00020 or 0.00025 and much below critical values ..
With so small a shrinkage the differential shrinkage was very small.
Therefore the bending effect due to differential shrinkage was so
small that a much more precise instrumentation should have been used.
Figures 53 and 54 would show the differential effect on the composite
beam if the tests would give useful results. Actually these two
figures are useless. They indicate some shrinkage but the differ-
ences of readings are so small and erratic that they do not allow one
to see any difference of strain at the different levels and no mean-
ingful difference either between the different beams. They do not
allow one to say either if the entire slab is equally effective in
carrying the forces due to differential shrinkage. In conclusion
this study does not give any useful indication of differential
shrinkage and its effect on the joint.
I
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8.3 CODES AND SPECIFICATIONS SECTIONS OF INTEREST
8.3.1 AASHO Standard Specifications for Highway Bridges(25)
I
I
I
I
Division 1
Section 1.13
Artic le 1. 13. 14
(A) General
Design
Prestressed Concrete
Composite Structures
I
I
I
I
I
I
I
I
I
I
I
I
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Composite structures in which the deck is assumed to act
integrally with the beam shall be interconnected to transfer shear
along the contact surfaces and to prevent separation of the elements.
Transfer of shear shall be by bond or by shear keys. The elements
shall be ti.ed together by extension of the web reinforcement or by
dowels.
(B) Shear Capacity
The shear connection shall be designed for the'ultimate
load and may be computed by the formula v = VQ/I.
(C) Bond capacity
The following values for ultimate bond resistance at the
contact surfaces shall be used in determining the need for shear keys:
When the minimum steel tie requirement of (D) of
this article are met ••...••••••••••••.••••••.••••• 75 psi
When the minimum steel tie requirements of (D) of
this article are met and the contact surface of
the precast element is artificially roughened •.•• 150 psi
When steel ties in excess of the requirements of
(D) of this article are provided and the contact
surface of the precast,'element is artificial;!.y
roughened 0 •• 0 0.41 0 .'"•••••••••••• 0 •••• 0 •••• 225 psi
I
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If bond capacity is less than the computed shear, shear keys shall be
provided throughout the length of the member. Keys shall be propor-
tioned according to the concrete strength of each component of the
composite member.
(D) Vertical Ties
All web reinforcement shall extend into cast-in-place decks.
The spacing of vertical ties shall not be greater than four times the
minimum thickness of either of the composite elements and in any case
not greater than 24 inches. The total area of vertical ties shall not
be less than the area of two No.3 bars spaced at 12 inches.
(E) Shrinkage Stresses
In structures with a cast-in-place slab on precast beams, the
differential shrinkage tends to cause tensile stresses in the slab and
in the bottom of the beams. Stresses due to differential shrinkage
are important only insofar as they affect the cracking load. When
cracking load is significant, such stresses should be added to the
effect of loads.
8.3.2 ACI Standard Building Code Requirements for Reinforced Concrete(26)
Chapter 25 - Composite Concrete Flexural Construction.
2501 - Definition
(a) Composite concrete flexural construction consists of
precast concrete members and cast-in-place reinforced concrete so
interconnected that the component elements act together as a unit.
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2502 - Special Design Considerations
(a) In regions of negative moment, the bending moment may
be assigned to either the composite section or the precast element.
When the negative moments are assigned to the composite section,
adequate provision for shear transfer must be made throughout the
full length of the beam.
2503 - Flexural Design - Working Stress Design (Part IV-A)
(a) The design of the composite reinforced concrete member
shall be based on allowable stresses, working loads, and the accepted
straight line theory of flexure as given in Part IV-A of this code.
The effects of creep shrinkage, and temperature need not be considered
except in unusual cases. The effects of shoring, or lack of shoring,
on deflections and stresses shall be considered.
2504 - Flexural Design - Ultimate Strength Design (Part IV-B)
(a) Design Method - In calculating the ultimate strength of
a section, no distinction is made between shored and unshored members.
(b) Limitations - 1. For beams designed on the basis of
ultimate strength and built without shores, the effective depth~of the
composite section used in the calculation of the ultimate moment shall
not exceed;
2. When the specified yield point of the tension reinforcement exceeds
40,000 psi, beams designed on the basis of ultimate strength should
always be built with shores unless provisions are made to prevent
I
I
I
I
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excessive tensile cracking.
(c) Construction Loads - The nonprestressed precast element
shall be investigated separately to assure that the loads applied
before the cast-in-place concrete has attained 75 percent of its
specified 28-day strength do not cause moment in excess of 60 per-
cent of the ultimate moment capacity of the precast section.
2505 - Shear Connection
(a) Shear Calculation - The horizontal shear stress along
the contact surface is given by
I ::: VQIb (25-1)
I
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(b) Shear Transfer - Shear shall be transferred along the
contact surface either by bond or by shear keys. The capacity of
bond at ultimate load may be taken as 1.9 times the values recommended
below for service loads. Except as provided in 1, separation of the
component elements in the direction normal to the surface shall be
prevented by steel ties or other suitable mechanical anchorages.
1. When mechanical anchoragep are not provided and
the contact surface is rough and clean••••.••••••• 40 psi
2. When minimum steel tie requirements of (d) are
. followed and the contact surface is smooth
(troweled, floated, or cast against a form) •••••••• 40 psi
3. When m~n~mum steel tie requirements of (c) are
followed and the contact surface is rough and
c 1ean. 0 C) • • 0 0 • 0 0 0 0 0 • 0 0 GOO • 0 • 0 • 0 0 0 0 0 0 • 0 0 0, 0 0 • 0 0 0 0 •• 0 16 0 psi
4. When additional vertical ties are used in the allowable
bond stress on a rough.surface may be increased at
the rate of 75 psi for each additional area of
steel ties'equal to 1 percent of the contact area.
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(6) Vertical Ties - When mechanical anchorage in the form of
vertical ties is provided, spa~ing of such ties shall not exceed four
times the thickness of the slab nor 24 inches. A minimum cross-sectional
area of ties of 0.15 percent of the contact area shall be, provided. It
is preferable to provide all ties in the form of extended stirrups.
(d) Web Reinforcement - Web reinforcement for the composite
section shall be designed in the same manner as for an integral beam
of the same shape. All stirrups so required shall be anchored into
the cast-in-place slap, where ·their area may also be relied upon to
provide some or all of the vertical tie steel required in (c).
8.3.3 ACI and ASCE Committee 333(27) Tentative Recommendation for
Design of Composite Beams and Girders for Buildings
101 Definition
Composite beams and girders are comprised of prefabricated
beams and a cast-in-place or reinforced concrete slab so inter-
connected that the component elements act together as a unit.
108 Continuity
108.1 Determination of Moments, Shears and Thrusts
Moments, shears and thrusts produced by external loads should
be determined by elastic analysis. For the purposes of such analysis
the moment of inertia of the gross composite section may be used
throughout the length of the beam.
202 Determination of Flexural Stresses
202.1 Design Method
The design of reinforced concrete members ITI.ay be made with
.1
I
)1
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reference to allowable stresses,working loads, and the accepted straight-
line theory of flexure.
202.2 Loading Conditions
(1) For unshored construction the dead load of the beam and
all other loads applied prior to the concrete slab attaining 75 percent
of its specified 28-day strength should be assumed as carried by the pre-
cast beam alone. Live loads and dead loads applied after the concrete
has attained 75 percent of its 28-day strength should be assumed as
carried by the composite section.
(2) For adequately shored construction all loads should be
assumed as carried by the composite construction.
202.3 Deformational Stress
Deformational stresses, including the effects of creep,
shrinkage and temperature, need not be considered except in unusual
cases.
204 Determination of Shear
204.1 Reinforcement of the Web
Web reinforcement should be designed in the same manner as
for an integral "T" beam of the same shape. All stirrups should be
extended into the cast-in-place slabs.
205 Shear Connection
205.1 Shear Along Contact Surface
Shear may be transferred along the contact surface by bond
or shear keys. It should be assumed in the design that the entire
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
-131-
shear is transferred either by bond or by shear keys.
205.2 Vertical Ties
Mechanical anchorage in the form of vertical ties to prevent
separation of the component elements in the direction normal to the
contact surfaces should be provided. Spacing of such ties should not
exceed four times the thickness of the slab nor 24 inches. A minimum
cross-sectional area of the ties in each foot of span of 0.15 percent
of the contact area but not less than 0.20 sq in. is recommended.
It is preferable to provide all ties in the form of extended stirrups.
205.3 Capacity of Bond
(1) The following values are recommended for the allowable
bond stress at the contact surfaces:
(a) When m~n~mum steel tie requirements of Section
205.2 are followed and the contact surface of
the precast element is smooth (a smooth sur-
face is one which has been cast against a form,
troweled, or floated) •...•••••••••••••••.•..••••• 40 psi
(b) When minimum steel tie requirements of Section
205.2 are followed ~nd the contact surface on
the precast element is rough •••••.•.•••••••••••. 160 psi
(c) When additional vertical ties are used, the
allowable bond stress on a rough surface may
be increased at the rate of 75 psi for each
additional area of steel ties equal to 1
percent of the contact area.
(2) The capacity of bond at ultimate load may be taken as
twice the values recommended in Section 205.3.1.
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Table 1 Permissible Static Joint Shear Stress at
Ultimate Load as Suggested by Kajfasz, et al.
-133-
I
I
Compression Strength of Concrete
2400 psi 3200 psi 4800 psi 6400 psi
Shear stress 250 300 300 400before slip (psi)
Shear stress 150 150 150 . 150
after slip (psi)
I
I
Table 2 Test Results for Some Beams of the PCA Test Series
I
I
I
I
I
I
I
I
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Beam aid P v vWisc Failureu TypeNo. % psi psi
1.66 3.75 0.41 385 390 Joint Static~'(
Ia 3.00 320 338 Joint Static
Ib 3.00 0.46 431 468 Joint Static
II 4.20 0.34 456 355 Joint Static
S22 4.50 0.17 307 312 Joint Static
* Horizontal shear failure during static testing


I
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Table 6 Details for Small-Sized Beams
I
I Beam Length Span a Tension Ties aid Ties FinishNo. Barsin. in. in. %
I 1.6 112 96 36 4 118 2 113 2.57 0.175 Interm.
1.7 112 96 36 4 #8 2 #3 2.57 0.175 Interm.
I 1.0 112 96 36 4 #8 2 #3 2.57 0.175 Interm.2.6 112 96 36 4 118 2 113 2.57 0.175 Rough
I 2.7 112 96 36 4 118 2 #3 2.57 0.175 Rough2.0 112 96 36 4 118 2 #3 2.57 0.175 Rough
0.2 112 96 36 4 118 2 #3 2.57 0.175 Rough
! I 3.6 112 96 36 4 118 6 113 2.57 0.520 Interm.
3.7 112 96 36 4 118 6 113 2.57 0.520 Interm.
I 4.6 112 96 36 4 #8 6 #3 2.57 0.520 Rough
4.7 112 96 36 4 #8 6 #3 2.57 0.520 Rough
I 5.0 144 132 44 2 116 3 113 3.15 0.145 Rough2 1F70.4 112 96 36 4 118 3.60 Smooth
I 0.5 112 96 36 4 118 3.60 Smooth1.5 148 132 54 6 #8 3 #3 3.86 0.175 Interm.
2.5 148 132 54 6 #8 3 #3 3.86 0.175 RoughI 3.5 148 132 54 6 #8 9 #3 3.86 0.520 Interm.
4.5 148 132 54 6 118 9 113 3.86 0.520 Rough
I 1.8 256 240 84 6 118 5 #3 6.00 0.145 Interm.
1.9 256 240 108 6 118 5 113 7.71 0.145 Interm.
I 2.8 256 240 108 4 118 5 113 7.71 0.145 Rough2.9 256 240 108 6 #8 5 113 7.71 0.145 Rough
I 3.8 256 240 108 4 118 18 113 7.71 0.520 Interm.3.9 256 240 108 4 118 18 113 7.71 0.520 Rough
4.8 256 240 108 4 118 18 113 7.71 0.520 RoughI 4.9 256 240 108 6 1/4 18 113 7.71 0.520 Rough
I
I
I
Beam Length Span a Tension Ties aid Ties Finish
No. Bars
in. in. in. i [1. %
9.2 354 326 133 38-7/16 22 if3 3.86 0.15 Rough
9.1 354 326 133 38-7/16 24 #4 3.86 0.30 Rough
9.3 354 300 120 38-7/16 12 1f4 4.04 0.05 Rough
b A A A Ye Yu I Q ~Beam cp cs cc ~bI-2No. 2 2 2 in. in. 4 in. 3in. in. in. in. in. ~n.
9.2 12.0 351 720 1071 29.0 36.72 163,500 8200 1.35
9.1 12.0 351 720 1071 30.0 38.55 173,100 6580 1.59
9.3 36.0 483 720 1203 22.5 30.53 136,300 3690 0.38
Cross-Section Properties for Full-Sized Beams
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Table 8 Details for Full-Sized Beams
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I Table 9 Concrete Mixes
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Small-Sized Specimens Full-Sized Specimens
Unit I
Beams and Slabs Beams Slabs
Coarse aggregate lb 40 47.6 48.8in 100 lb mix
Sand in 100 lb mix lb 41 25.0 29.0
Cement in 100 lb mix lb 11 20.0 14.8
Water in 100 lb mix lb 8 7.4 7.4
Average slump in. 4 2~ 2-3/4
Type of cement I III III
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I Table 10 Strength of the Concrete at First Static Test
I f' (ksi) f' (ksi)
c t
I BeamNo. Batch 1 Batch 2 Batch 3 Batch 4 Precast Slab
Beam
I 1.6 3.742 3.406 0.449 0.403
1.7 4.486 4.112 0.469 0.426
I 1.0 2.711 2.714 0.365 0.3862.6 2.123 3.364 0.392 0.4,37
t)1 2.7 4.256 4.005 0.542 0.4322.0 2.882 3.449 0.372 0.425
0.2 3.326 3.641 0.385 0.442/1
3.6 3.342 3.461 0.378 0.431
3.7 4.011 3.900 0.483 0.473
I 4.6 3.788 3.398 0.446 0.439
4.7 4.030 3.795 0.458 0.430
I 5.0 4.040 3.7800.4 4.242 4.142 0.491
I 0.5 4.242 4.142 0.5001.5 4.032 4.028 4.405 3.702 0.473 0.545
I 9.2 6.013 6.013 3.689 3.689 0.566 0.3932.5 3.914 4.535 3.997 4.150 0.464 0.454
9.1 6.832 6.832 6.443 6.443 0.554 0.585
I 3.5 4.126 4.055 4.352 3.678 0'.544 0.497
4.5 4.091 4.399 4.197 4.091 0.550 0.531
I 9.3 7.515 7.515 3.526 3.526 0.656 0.4261.8 4.091 4.256 3.850 3.997 0.508 0.483
I 1.9 4.268 3.889 4.160 3.970 0.477 0.4912.8 3.317 3.779 3.397 3.501 0.413 0.420
I 2.9 4.179 4.021 3.958 3.849 0.486 0.4663.8 3.977 3.252 4.006 4.034 0.398 0.410
3.9 4.291 3.988 3.615 3.855 0.500 0.410
I 4.8 3.224 3.033 3.211 3.261 0.371 0.377
4.9 4.598 4.010 0.496 0.461
'"I 4.127 4.125 4.384 3.771 0.471 0.449,
~ Ave.~I 4.126 3.809 0.460
I
-140-I Table 11 Elastic Property of the Concrete
I E (103) ksiBeam
I No. Batch 1 Batch 2 Batch 3 Batch 4
1.6 2.47 3.49
I 1.7 3.31 2.99
1.0
I 2.6 2.44 1.662.7 3.14 2.07
I 2.0 .;0.2 2.43 2.93
3.6 1.91 2.23
I 3.7 2.69 2.57
4.6 3.00 3.62
I 4.7 1. 91 2.745.0 3.29 2.76
I 0.4 2.82 2.940.5 2.82 2.94
I 1.5 2.26 1. 98 3.28 3.429.2 4.41 4.41 4.03 4.03
2.5 3.10 3.48 2.68 3~22
I 9.1 4.41 4.41 4.03 5.03
3.5 3.28 2.96 3.06 3.38
I 4.5 3.12 3.06 2.52 3.089.3 5.19 5.19 4.08 4.08
I 1.8 2.67 2.85 2.11 2.051.9 3.08 2.88 2.93 3.04
I 2.8 2.08 2.16 2.22 3.092.9 2.90 2.92 2.91 3.03
3.8 2.55 2.83 2.16 2.14
I 3.9 2.,39 1. 74 3.30 2.84
4.8 2.33 1.99 2.01 2.53
I 4.9 2.99 3.00 3.06 2.90
I 2.93 2.90 2.86 3.05Ave.
I 2.91 2.95
Bar or Strand Grade Yield Strength Ulto Strength
Size ksi ksi
if3 Interm. 53.1 78.7
114 Interm. 48.4 73.9
115 Interm. 49.3 79.6
if6 Interm. 49.8 80.2
118 Structural 50.0 80.0
7/16 Uncoated 270.0~·( 290.0
stress
re lieved
·k Based on 1 percent elongation
I
I
I
I
I
I
I
I
I
I
Tab le 12 Properties of the Reinforcing Steel
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Beam No. Elastic Creep and Shrinkage Total before Testing
% % %
91 11. 9 8.7 20.6
92 11.9 9.1 21.0
93 7.8 5.5 13 .3
I
I
I
I
I
I
I
I
I
Table 13 Prestress Losses
I
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I
Table 14 Joint Stress and Number of Cycles in Fatigue Testing
I
I aid v v . vBeam v . v v range m~n max NNo. m~n max range v vWisc vWisc vWiscmax
I psi psi psi psi Cycles1.6 2.57 63 290 227 0.783 415 0.15 0.70 2,000,000
I 1.7 2.57 63 290 227 0.783 415 0.15 0.70 2,000,0001.0 2.57 415 1
2.6 2.57 63 290 227 0.783 415 0.15 0.70 2,000,000I 2.57 63 517 454 0.878 0.15 1.24 2,150,0002.7 2.57 63 290 227 0.783 415 0.15 0.70 2,000,000
I 2.0 2.57 415 10.2 2.57 415 1
3.6 2.57 80 375 295 0.786 535 0.15 0.70 2,000,000
I 2.57 80 630 550 0.873 0.15 1.03 2,040,0003.7 2.57 80 403 323 0.801 535 0.15 0.75 2,000,000
4.6 2.57 80 375 295 0.786 535 0.15 0.70 2,000,000
I 2.57 80 630 550 0.873 0.15 1.03 2,350,0004.7 2.57 80 403 323 0.801 535 0.15 0.75 2,000,000
I
5.0 3.15 391 1
0.4 3.60 1
0.5 3.60 2,000,000
I 1.5 3.86 50 216 166 0.796 340 0.15 0.64 2,000,000
9.2 3.86 61 290 229 0.790 334 0.18 0.87 2,000,000
I 2.5 3.86 56 292 236 0.808 340 0.17 0.86 2,000,0009.1 3.86 72 341 269 0.789 364 0.20 0.93 2,000,000
I 3.5 3.86 44 292 248 0.849 410 O.ll 0.71 2,000,0004.5 3.86 44 292 248 0.849 410 O.ll 0.71 2,000,000
9.3 4.04 17 81 64 0.790 309 0.06 0.26 2,000,000I 1.8 6.00 46 233 187 0.803 260 0.18 0.90 1l,000
1.9 7.71 46 227 181 0.797 220 0.21 1.03 2,000,000
I 2.8 7.71 45 197 152 0.772 220 0.20 0.90 1,413,000
2.9 7.71 46 227 181 0.797 220 0.21 1.03 2,000,000
I 3~8 7.71 45 185 140 0.757 246 0.18 0.15 1,104,0003.9 7.71 45 225 180 0.800 246 0.18 0.92 1,285,000
I 4.8 7.71 45 225 180 0.800 246 0.18 0.92 650,0004.9 7.71 46 251 205 0.817 246 0.19 1.02 2,000,000
I

I
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I
Table 16 Beam and Joint Cracking
I
aid First diagonal cracking First horizontal cracking
I Beam to reach joint at to follow joint atNo.
v, psi N, cycles vcrack, psi N, cycles,
I 1.6 2.57 290 1 233 1
1.7 2.57 290 1,000 290 1,000
I 1.0 2.57 290 1 290 1
2.6 2.57 290 250,000 403 2,000,000+st
I 2.7 2.57 460 2,000,000+st 517 2,000,000+st2.0 2.57 403 1 461 1
I 0.2 2.57 340 1 403 13.6 2.57 347 1 347 1
I 3.7 2.57 403 1 403 1,0004.6 2.57 375 2,050,000 375 2,000,000+st
4.7 2.57 347 1 403 385,000
I 5.0 3.15 398 1 509 1
1.5 3.86 422 2,000,000+st 422 2,000,000+st
I 9.2 3.86 290 2,000,000 411 2,000,000+st2.5 3.86 292 50,000 422 2,000,000+st
I 9.1 3.86 468 2,000,000+st 341 2,000,0003.5 3.86 292 45,000 341 2,000,OGO+st,
\ 4.5 3.86 292 50,000I 9.3 4.04 119 2,000,000+st 122 2,000,OGO+st
1.8 6.00 233 1,000
I 1.9 7.71 227 2,000,000 310 2,000,000+st
2.8 7.71
I 2.9 7.71 369 2,000,OOO+st 452 2,000,00O+st3.8 7.71
I '3.9 7.71 225 42,0004.8 7.71
I
4.9 7.71 251 380,000
I
I

I
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I Table 18 Joint Shear Stress and Number of Cycles at Stages of Slip
I
Beam vO•005 N vO•OlO N vO•015 N vO. 020 NI No. . Cycles psi Cycles psi Cycles psi Cyclesps~
1.6 176 1 233 1 290 1 290 12,000
I 1.7 290 60,000 290 1,510,000 460 2,000,000 .517 2,000,000
1.0 233 1 318 1 347 1 375 1
I ,2.6 290 2,000,000 517 2,1.50,000 517 2,150,000 .517 2,150,0002.7 517 2,000,000+st 547 2,000,000+st 602 2,000,000+st 642 2,000,000+st
I 2.0 432 1 461 1 517 1 545 10.2 403 1 403 1 461 1 517 1
3.6 375 3lO,000 375 675,000 545 2,000,000+st 630 2,001,250I 3.7 403 50,000 403 400,000 403 1,410,000 547 2,000,000+st
4.6 375 400,000 630 2,150,000 630 2,350,000 857 2,350,000
I 4.7 403 1,155,000 801 2,000,000+st 914 2,000,000+st 942 2,000,000+st
5.0 509 1 509 1 509 1 621 1
I 1.5 361 2,000,000+st 422 2,000,000+st 361 2,000,000+st 422 2,000,000+st9.2 465 2,000,000+st 519 2,000,000+st 546 2,000,000+st 572 2,000,OOO+st
I 2.5 422 2,000,000+st 511 2,000,000+st 599 2,000,000+st 629 2,000,000+st9.1 515 2,000,000+st 659 2,000,000+st 754 2,000,000+st 849 2,000,000+st
I 3.5 540 2,000,000+st 776 2,000,000+st 776 2,000,000+st 776 2,000,000+st4.5 599 2,000,000+st 776 2,000,000+st 894 2,000,000+st 2,000,000+st
9.3 134 2,000,000+st 163 2,000,000+st 182 2,000,000+st 190 2,000,000+st
I 1.8 233 1,000 233 11 ,000 233 11,000 233 11,000
1.9
I 2.82.9 440 2,000,000+st 452 2,OOO,000+st 452 2,000,000+st 452 2,000,000+st
I 3.8 380,0003.9
I 4.84.9
I
I
I
I
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Table 19 Slip Development in Fatigue and at Failure
I
I Beam Slip After Slip at Beam
1.106 2.106
FailureNo. 1 cycle cycles cycles End Fatigue
I in. in. in. in. in.1.6 0.014 0.071 0.081 0.081 0.115
I 1.7 0.002 0.009 0.010 0.010 0.0681.0 0.171 0.171
I 2.6 0.001 0.003 0.004 0.115 0.1152.7 0.002 0.002 0.002 0.099
2.0 0.097 0.097
I 0.2 0.133 0.133
3.6 0.001 0.010 0.014 0.043 0.043
I 3.7 0.003 0.015 0.017 0.017 0.0394.6 0.001 0.006 0.006 0.015 0.039
I 4.7 0.002 0.004 0.005 0.005 0.0545.0 0.220 0.220
I 1.5 0.001 0.001 0.001 0.001 0.1249.2 0.001 0.002 0.002 0.002 0.180
2.5 0.001 0.004 0.004 0.004 0.048
I 9.1 0.001 0.002 0.002 0.002 0.112
3.5 0.001 0.003 0.003 0.003 0.024
I 4.5 0.001 0.002 0.002 0.002 0.0199.3 0.001 0.002 0.002 0.002 0.037
I 1.8 0.001 o 0081.9 0.001 0.003 0.004 0.004 0.004
I 2.8 0.003 0.003 0.0032.9 0.001 0.001 0.001 0.001
3.8 0.001 0.006 0.006 0.006
I 3.9 0.001 0.002 0.002 0.002
4.8 0.003 0.003
I 4.9 0.001 0.001 0.001 o 001 0.003
I
I
I
II
I
iJI Table 20 Additional Strength of the More Reinforced Jointof a Pair of Beams at Different Slip Levels
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Joint Failure Beam Failure
Pair No. t.v t.v
psi % psi %
1. 7-2.7 257 89 119 19
3.6-4.6 255 71 335 53
3.7-4.7 227 57 228 30
1.5-2.5 89 20 182 36
3.5-4.5 177 30 202 25
Slip Reading
Pair No. 0.005" 0.010" 0.015" 0.020"
t.v t.v t.v t.v
psi psi psi psi
2.5-4.5 177 265 195
1.5-3.5 179 354 415 354
1. 6-3.6 199 142 255 340
1. 7-3. 7 113 113 57 30
2.6-4.6 85 113 113 340
2.7-4.7 -114 254 312 300
9.2-9.1 50 140 208 277
I
I
I
I·
I
I
I
I
I
I
I
I
I
I
I
I
Tab le 21 Additional Strength of the Rougher
Joint of a Pair of Beams at Failure

I
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I
I Tab 1e 24 Ratios of Test Results to ProposedJoint Strength for Rough Joints
I
I 3500 vcrack vO. 005 v vfail v vWiscBeam 200 P max ull+a/d v -- --No. prop v v v v v vprop prop prop prop prop prop
I psi psi psi
2.6 257 35 292 1.38 1.00 1.00 1. 75 1. 81 1.42
I 2.7 257 35 292 1.77 1.77 1.00 1. 86 2.56 1.42
4.6 257 104 361 1.04 1.04 1.04 1. 75. 2.68 1.48
I 4.7 257 104 361 1.12 1.12 1.12 1. 75 2.76 1.48
I 9.2 236 30 266 1.55 1. 74 1.09 1. 95 2.45 1.252.5 236 35 271 1.55 1.08 1.89 1.251.55 2.56
I 9.1 236 60 296 1.15 1. 74 1.15 2.22 3.23 1.23
4.5 236 104 340 1. 76 0.86 2.28 2.96 1.20
I 2.8 187 29 216 0.91 0.91 1.02
I 2.9 187 29 216 2.10 2.03 1.05 2.10 2.10 1.024.8 187 104 291 0.79 0.77 0.85
I 4.9 187 104 291 0.86 1.43 0.85
I
·1
I
I
I
I
I
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I
I Table 25 Comparison of Joint Shear StrengthSuggested in Codes and Studies
I
Beam vACI vpCA Vw vNo. ~sc propI psi psi psi psi
1.6 308 415 182
I 1.7 308 415 182
1.0 308 415 182
I 2.6 308 504 415 2922.7 308 504 415 292
I 2.0 308 504 415 2920.2 308 504 415 292
3.6 357 535 251
I 3.7 357 535 251
4.6 357 565 535 361
I 4.7 357 565 535 361
5.0 304 500 371 270
I 1.5 308 340 1709.2 304 500 334 266
I 2.5 308 504 340 2719.1 325 526 364 296
3.5 357 410 239
I 4.5 357 565 410 340
9.3 304 500 309
I 1.8 304 260 147
1.9 304 220 135
I 2.8 304 500 220 2162.9 304 500 220 216
I 3.8 357 246 2103.9 357 246 210
4.8 357 565 246 291
I 4.9 357 565 246 291
I
I
I
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I
Table 26 Joint Stresses Under Working
I and Ultimate Flexural Loads
I ACT AASHO vcrack vvf1ex vf1ex v uBeam uc AASHO AASHO
I No. vf1ex vf1expsi psi psi
I 1.6 348 309 976 0.75 1.661.7 420 373 987 0.78 1.69
1.0 277 246 942 1.18 2.33
I 2.6 344 305 976 1.32 1. 76
2.7 409 363 987 1.42 2.06
I 2.0 352 313 976 1.46 2.280.2 372 330 976 1.22 2.02
I 3.6 354 314 976 1.10 2.003.7 398 354 987 1.14 2.17
I 4.6 347 309 976 1.21 3.124.7 388 345 987 1.17 2.89
5.0 309 275 539 1.87 2.43
I 1.5 275 244 920 1.73 2.10
9.2 328 277 690 1.48 2.36
I 2.5 276 245 920 1.72 2.839.1 401 338 952 1.01 2.83
I 3.5 273 242 920 2.23 3.314.5 281 250 920 4.02
I 9.3 102 80 238 1.53 2.561.8 171 152 592 1.53 1.53
1.9 138 123 460 2.52 2.95
I 2.8 117 104 329 1. 93
2.9 132 118 460 3.82 3.82
I 3.8 137 121 329 1.533.9 127 115 329 1. 95
I 4.8 110 98 323 2.304.9 120 106 460 3.92
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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Fig. 1 Examples of Joints with Castellation
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Fig. 2 Earlier Test Beams
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